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ABSTRACT
Polyionenes are strongly charged cationic polyelectrolytes whose charged groups

are located on the polymer main chain. During the last few decades, interest in them has

increased because of their similarity to DNA, protein and other biological related

structures.

The charge density of the polyionenes can be changed by changing the

number of methylene groups, [x,y], between the quatemized nitrogen atoms. In our

systems, we synthesized [3 ,3], [6,6], and [8,8] polyionenes to produce different charge
density parameters, �; and we chose chloride and 2,6-diclorobenzoate as counterions in
order to investigate the counterion effect on the.conformation of the polyionenes.

By changing the polyionene charge density, polyionene concentration, counterions,

or ionic strength in the solutions, the conformation of the polyionenes can be changed.

Small-angle neutron scattering (SANS) was used to study the conformation of

polyionenes in aqueous solutions. From the scattering curves, we obtained information

on the chain conformation and interchain interactions. We also tried to fit the scattering
curves for solution of higher ionic strength by using the Debye coil scattering funcfion,

and we observed that using only the form factor to fit the scattering was unsuccessful.

Further attempt was also made to fit the scattering curves using the random phase

approximation, and decreases in the excluded volume parameter were observed as the

ionic strength increased.
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CHAPTER I
INTRODUCTION
A. POLYELECTROLYTES
I.

Properties of Polyelectrolytes in Solution

Polyelectrolytes are linear polymers bearing dissociated ionic groups. Any molecule,
aggregate or particle carrying a large number of charges can be considered to be a
polyelectrolyte. More usually, however, the term is applied to long chain polymer
molecules whose repeating unit contains charged, or ionizable, groups.

Only

polyelectrolyte chains carrying charges of the same sign are considered in this thesis.
There are polyanions or polycations, depending upon whether the ionizable centers are all
anionic or all cationic. Figure 1.1 gives the structure of a common polyelectrolyte -from
each class described above.
The solutions studied in this _ work contain a single species of polymer and one
species of counterion (small free ions of a charge opposite to that of the polymer, which
must always be present in equivalent amounts, as imposed by the condition of
electroneutrality).

When dissolved in water dissociation or ionization occurs and

electrostatic interactions arise between the charges created on the polymer surface and the
small free ions in the solution. Compared with neutral polymer solutions, the strong
electrostatic interaction between the polyion and counterions is a source of the
characteristic properties of polyelectrolyte solutions. Their unique properties, which are
dominated by strong long-range electrostatic interactions, have been studied over the past
1

Figure 1.1 The structure of Polyelectrolytes
2

few decades.

Although polyelectrolytes combine features of both, they cannot be

understood with a simple combination of the properties of electrolytes and neutral
polymers.[1-4]
II. The Distinctiveness of Polyelectrolytes' Properties

Solutions of polyelectrolytes exhibit a behavior that may differ considerably
from that of either neutral polymer or electrolytes of low molar mass. The origin of this
specificity lies in the combination of properties derived from those of long-chain
molecules with properties that result from charge interactions. As mentioned before, this
combination is not a simple superposition, as there is a mutual influence of the
characteristics of both types of properties.[2-5] Thus the existence of charges on the
chain leads to intra- and intermacromolecular interactions which may be stronger and of
much longer range than in the �ase of uncharged macromolecules. This may have a
strong bearing on both the thermodynamic and dynamic properties of polyelectrolyte
solutions, particularly if in the solution the electrostatic potential arising from the charges
fixed on the polymer chains is not sufficiently screened. The intramacromolecular
interactions ("short-range interactions" and "long-range interactions" along the chain) are
directly affected by electrostatic effects arising from the charges on the chain. [4-11] The
"short-range interactions" contribute to the local stiffness of the chain, and the "long
range interactions" to the excluded volume effects. Excluded volume means that two
monomers cannot occupy the same space in any real polymer chain. The long-range
interactions also contribute to the intermacromolecular interaction effects (such as, for
example, the second virial coefficient).[12]
3

In all these cases the strength of the

electrostatic interaction may be moderated by increasing the concentration of added salt,
which results in a screening effect by the small ions, but high concentrations of salt may
also affect the solvent quality, eventually even leading to the theta condition. This is the
condition where the monomer-monomer interaction is equal to the monomer-solvent
interaction, or x = 1/2 (xis Flory-Huggins interaction parameter). Under theta conditions
the solvent exactly compensates the excluded volume effect, which tends to expand the
polymer coil.[l 0, 13] In the good solvent, the polymer coils are expanded.
Both the average dimensions of the polyelectrolyte chain and the intramolecular
dynamics of the chains are strongly affected by these interactions. The screening effects
are the result of the interactions between the charged chains and the small electrolytes in
solution. These interactions are not totally similar to the charge-charge interactions
occurring in solutions of small electrolytes. Some counterions may associate ("bind") to
the polyelectrolyte chain.

The association of the counterions with charges on the

polyions is also called counterion condensation, and that will be discussed further in
section III. These bound charges are considerably restricted in their motions by the chain
itself. Local charge fluctuations arising from charges bound to the same chain will
therefore be highly correlated, leading to an asymmetry between the bound and mobile
charges. On the molecular level, charges bound to the same chain are forced to cluster to
some extent around each other, in contrast to the mobile charges, which can move
independently through the entire volume of the solution. Around the chain-bound charge
clusters the electrostatic potential may fluctuate in according to the conformational
fluctuations of the macromolecular chain. [ 14]

4

As a consequence, the representation in theoretical models of the macromolecules

as point charges will be a rather poor approximation, although it is still a good first-order
approximation for the small ions. [14]

Similarly, the behavior of charged

macromolecular chains may differ from that of charged colloidal particles, e.g. rodlike

micellar systems, which are generally compact and rigid but have in common with the

polyelectrolytes a high charge and dimensions large compared to the molecules of the.

solvent.

The effect of interactions among the charged chains, small electrolytes and solvent

molecules is amplified by the high charge density of the macroion. A small difference in
the interaction may have great influence on the properties of polyelectrolytes. Therefore,

polyelectrolyte solutions are very sensitive to the structure of the electrolytes, the solvent
and the temperature.

In a polyelectrolyte solution, the influence of the concentration of added salt, Cs,

may be considerable and is generally ascribed to screening of the electrostatic repulsions.

It has been established experimentally [15-18] that the larger the amount of the added
salt, the closer the macromolecular behavior of polyelectrolyte solutions approaches that
of solutions of conventional, uncharged macromolecules.

A salt concentration that

satisfies the condition 2Cs � ZCp (where Cp is the molar concentration of the

polyelectrolyte and Z the average number of elementary charges on each macromolecular

chain, with ZCp being called the equivalent concentration of polyelectrolyte) is usually

sufficient. [14] The solvent quality, however, may be affected by the salt, particularly if

Cs is very high, as indicated previously. On the contrary, when ZCp >2Cs , or even C s ➔
5

0, polyelectrolyte solutions exhibit the greatest differences, compared with the solutions
of uncharged polymer, as demonstrated by all the properties already quoted.[14, 19]
III.

Concentration Effects, Linear Charge Density and Counterion Condensation

on Polyelectrolytes

When a neutral polymer with a large number of repeating units n organized into a
flexible chain is diluted in a solvent, the molecules adopt a conformation known as a
random coil. The random coil is possible because the chain is very flexible. The random
walk is a mathematical model that describes the basic features of polymer conformations
and diffusive motion. In the simplest form, the polymer chain is considered to consist of
a sequence of N steps of length a each in a random direction. The root mean square
length (R

2 112

)

of such a walk is given by:[13]
(

R2

)1/2

= aN 112

(1.1)

Normally three regions of polymer concentration are considered (see Fig. 1.2).
Each of these regions exhibits distinct molecular characteristics and scaling relationships.
Scaling relationships are a series of proportionalities, showing algebraic relationships
between various quantities, particularly between macroscopic and microscopic variables,
molecular dimensions, and thermodynamic quantities. Region I shown in Fig.1.2 (a) is
the dilute region.

In this region (C< C*), macromolecules are separated by large

distances and hardly interact with each other at all. The properties of the individual
chains dominate the solution properties.

In such a condition, the polymer coil

configuration behaves as a self-avoiding random walk (meaning that the walk has the
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additional restriction that it can not cross itself). The size dependence of the polymer coil
in good solvent at this condition can be expressed as:

( 1 .2 )

where R g is the radius of gyration of the chains. The quantity R g is defined as the root
.
.s::
Rg
mean square d.1stance away 1rom
the . center of gravity,

=

(

:

LZ

. /
1

J

112

[

2 O] , of Z

scattering points at distance r;. For the theta solvent or bad solvents in dilute solutions,
the size dependence of the polymer coil follows: [21]

(1 .3)

Region II is the semidilute region. It is bounded by the concentrations C* and C* * .

The concentration C * is seen as the critical concentration at which the chains begin to

overlap (shown in Figurel .2 (b)). The size dependence of the polymer coil in this
condition for both good solvents and theta solvents can be expressed as:

(1 .4)

The value of C* corresponds to the crossover between the dilute and semi-dilute regime
and can be estimated as:

(1 . 5)

where M is the molecular weight of the macromolecules. R g is the radius of gyration and

NA is Avogadro's constant.

7

(a)

(b)

(c)

Fig. 1 .2 Relationships of polymer chains in solution at different
concentration regions. (a) Region I , where C<C*. (b) The transition region,
where C=C* . (c) Region II, where C>C*. Note overlap of chain portion in
space in region IL
(Sperling, L. H. Introduction to Physical Polymer Science Wiley, New York, 1992.)
8

Region III consists of the concentrated region at which C> C* *. [22] In region III,
the polymer chains form a dense network, as shown in Figure 1 .2 (c).
These relationships between Rg and N (in equations 1 .2 and 1 .3) do not account for
the stiffness of the chain. The stiffness of the chain is characterized by its Kuhn length b,
(or persistence length /p with b=2/p), This means that for a polymer chain of contour
length (end-to-end distance) L, there are Lib such segments (Lib is the number of Kuhn
segments and normally not equal to the chain segments N). The meaning of lp is the
following: memory of the chain's direction is retained on length scales shorter than Ip, but
lost once Ip is exceeded. By measuring the radius of gyration for a polymer of known
contour length, L, we obtain the persistence length: [20]
Rg 2 X
2 2
- = - - 1 + - - -2 [ 1 - exp(- x) ]
3
x x
IP

(1 . 6)

where x = L/lp , When L >> Ip, the chain behaves as a Debye coil [23] and the equation
can be simplified to:

(1 . 7)

and when L << Ip, the chain behaves as a rod and the equation becomes:
Rg i

Li
= _

(1 .8)

12

Eqn. 1 .6 through 1 .8 are only valid for monodisperse samples and appropriate corrections
have to be made for polydisperse sample. [24]

A molecular weight distribution,

approximated by the continuous Schulz-distribution, leads to
9

Rg

2

=

2
1 + 2U IP L - l + U 3 ( _ 2 _ (1 + U) 6 - (
1 )
[ l l + � x) -vu ]} (l .9)
{l
1+ U
1 + 2U x
x
1 + 2U x 3
1+ U 3

where U = Mw!Mn - 1. Similarly, Equations 1. 7 and 1.8 can be rewritten as:
l + 2U I L
Rg2 = -- P
l+ U 3

(1. 10)

(1 + 3U)(l + 2U) L2
Rg = (
)
12
(l + U) 2

(1. 1 1)

2

for coil and rod, respectively, with taking polydispersity into account.
The notion of persistence length is especially important when dealing with
polyelectrolytes. Intramolecular repulsions between the charged groups lead to a more
extended conformation of the chain compared to the corresponding neutral polymer.
Indeed, lp is related to the bending modulus w for the chain through [25]:
(1. 12)
where kB is Boltzmann's constant, T is the absolute temperature and w is the one
dimensional (1D) bending modulus.
The total persistence length, lp, can be represented as the sum of an intrinsic and an
electrostatic length, 1; and 1;1 , respectively [2 6 ]:
1p = 1p° + rp1

(1. 13)
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The /� s of typical linear polyelectrolytes whose backbones contain only singly-bonded
atoms are 1 0-20 A [27,28] . An approximate relation for 1;1 is: [29,30]
( 1 . 1 4)

where IB, v and

K

are parameters for the description of electrostatic interactions in

polyelectrolyte solutions. v defines the effective linear charge density along the chain
and depends on IB ,

K°

1

is the Debye screening length which is defined as:
( 1 . 1 5)

where I is the ionic strength of a solution. The elementary charge is e, Er is the solvent
dielectric constant, and Eo is the dielectric constant in vacuum. The Bjerrum length, IB, is
_constant for a given solvent and temperature,
( 1 . 1 6)

which describes the distance at which the Coulombic energy between two unscreened
charges equals to the thermal energy ks T.
As the concentration of added salt increases, the ionic strength increases, the
Debye screening length decreases, and l/1 decreases. A decrease in Rg will occur when lp
decreases. The changing of the ionic strength and charge density along the chain is
directly responsible for some of the characteristic properties of polyelectrolyte solutions,
such as the decrease in intrinsic viscosity, [ri], as the ionic strength increases.[3 1 ] . The
11

intrinsic viscosity is given by lim[(11-110)/ 11o·C] c➔O, where 11 is the solution viscosity, 110 is
solvent viscosity and c is the concentration. There are experimental and theoretical
studies on the scaling law behavior of polyelectrolytes' electrostatic persistence lengths
with ionic strength, // ~rX. However, the exponent obtained experimentally does not
generally agree with Debye-Huckel-based models (x = 1 ): x equals 0.5 for hyaluronate in
aqueous solutions and sodium poly(styrene-co-styrene sulfonate) (NaPSS) at low ionic
strength (O.OO5-O.O5M), and 0.3 for DNA.[29,3O]

LeBret's numerical approach to

persistence length can also give a value of 0.5 for the exponent.[32]
When the distance between charges along the chain is smaller than the Bjerrum
length (ls), which is 7. 13 A in water at room temperature, the counterions are expected to
condense, that is, to interact with the charges along the polyelectrolyte chain.[33,34] The
fraction of condensed counterions is determined by the extent of condensation needed to
bring the distance between charges back up to ls. If the distance between charges is
greater than IB, Manning's condensation theory predicts that the counterions do not
condense.
The polyionenes that are the subj ect of this thesis are strongly charged cationic
polyelectrolytes whose charged groups are located along the polymer backbone. The
charge density of an aliphatic ionene can be varied by selecting starting materials that
produce different numbers (x, y) of methylene groups between the quatemized nitrogens,
in the x-y ionenes (detailed structure and synthesis will be discussed in Chapter II). Thus
the ionenes can be prepared with several different linear charge density parameters �'
defined as [3, 35]
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he is the . average polyelectrolyte charge spacmg along the chain. From Manning's
counterion condensation theory, for � > 1, counterion condensation will occur, e.g. 3-3
ionenes with � = 1 .42 will lead to a counterion condensation until � = I , at which point
the fraction of the cationic quatemized nitrogen not involved in counterion condensation
is predicted to be 0.70.
Solution properties of polyelectrolyte aqueous solutions are known to be
strongly influenced by polyion-counterion interactions.

There have been many

theoretical studies on this interaction [2-4, 6, 7, 20, 26, 27, 30, 33, 35], and for anionic
polyelectrolyte the counterion's chemical identity and valence has also been studied
experimentally for cationic counterions [36] . For anionic counterions, only in the case of
halides have been investigated. [ 3 7-4 1 ]

B.

SCATTERING

I. General Introduction to Scattering Theory
Scattering is a useful experimental tool for the investigation of structure and
dynamics of polyelectrolyte solutions as well as for the characterization of polymer
systems in general. In order to study sizes, shapes, interactions and motion of polymers
or particles, scientists have used different portions of the electromagnetic spectrum, such
as X-ray and neutron scattering for crystal structure, X-ray, neutron and light scattering
for structure and diffusive motions of molecules and aggregates. The length scales that
13

can be probed are inversely proportional to wavelength. These techniques have the
advantage of being relatively non-intrusive and non-destructive.
Wide angle X-ray or neutron scattering diffraction can be used to measure
relative positions of all atoms, thus elucidating the structure of crystals. By using small
angle X-ray (SAXS) and small angle neutron scattering (SANS), one can measure a
variety of length scales on the order of 20 A to 200 A, and obtain information about
parameters, such as radius for a sphere, major and minor axes for ellipsoids, cross
sectional radius and persistence lengths for rod or wormlike particles or chains, etc. With
classical or static light scattering (LS), one can measure a variety of larger length scales,
on the order of 200 A to 1 500 A, weight-averaged molecular weights, second virial
coefficients, and shapes and shape parameters for much larger particles. A combination
of LS and SANS is powerful for studying systems with a range of length scales. [20, 42] .
In comparing SANS, SAXS and . LS, there are two main differences of
experimental interest. The first is the wavelength, which, along with the angle through
which the radiation is scattered, determines the length scale being probed ; the smaller the
wavelength the larger the accessible distances. For Bragg diffraction from a crystal, each
lattice site constitutes a source of scattered radiation. The intensities scattered from each
site destructively interfere at all but a few very specific angles 0B where they interfere
constructively giving a scattering pattern of bright dots on an area detector. The distance
d between lattice sites (the size of the lattices) is then given by:

( 1 . 1 8)
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where m is an integer.[ 42]
In non-crystalline materials (like solutions), the situation is considerably more
complex, but one can still obtain sizes by the same interference principles. Because one
is usually dealing with fluctuating media, and often with a polydispersity of sizes, the
resulting equations are not exactly the same. If D is the average size being probed by
small-angle scattering (SAS), the angle 0s at which the scattering is observed and the
wavelength 'A, of the incident radiation obeys the relation:

;.

41rn sin(0s I 2)

�D

. ( 1 . 19)

where n is the refractive index in the medium, and 'A,/n is the wavelength in the medium.
Note that for neutrons, n is left as 1 . Some papers also define the scattering angle as 20s
and thus the sin in equation (1 .4) gets replaced by sin(0s) . SANS and SAXS use angles
ranging from 0. 1 ° to 1 0 °.
The SANS spectrometers at the NIST (National Institute of Standards and
Technology) Center for Neutron Research (NCNR) are the best SANS facilities currently
operating in the U.S.A. The layout of an instrument there is shown in Figure 1 .3 .
Neutrons from the cold source are monochromated mechanically by a helical channel
velocity selector with variable speed and pitch which enable both the mean wavelength
(0.5 to 2.0 nm) and wavelength spread (0. 1 0 to 0.30 full width at half maximum
(FWHM)) to be varied. Classical light scattering (LS) traditionally uses wavelengths of
5 1 4.5 nm (Argon ion laser), or 632.6 nm (He-Ne laser) , and looks at a wide range of
angles {typically 35 to 1 55 degrees). [43]
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CHRNS 30 METER SANS INSTRUMENT
VELOCITY
SELECT�

SCALE:n':lflra

I.

PRE-SNf'LE FLIGHT PATH

POST -SNflLE FLIGHT PATH

Fig. 1 .3 Schematics of the 30m SANS Instruments ofNIST SANS NG-7
(NIST Centerfor Neutron Research Instruments Manual 1999)
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The second difference of experimental significance relates to the origin of the
scattering. In both LS and SAXS the scattering arises from the electrons in the particle.
However the wavelength of visib_le light being so large compared to the atomic sizes, the
scattering is simply proportional to the polarizability. For SAXS, the wavelength is
comparable to interatomic distances and is proportional to the number of electron,
therefore, the particle should contain atoms with very different numbers of electrons
(such as heavy atoms) than the atoms of solvent. This contrast in scattering power is
what allows the particle of interest to be distinguished from the solvent in which it is
suspended. Since LS arises from the polarizabilities, which are related to the index of
refraction, it follows that the refractive index difference between the solvent and the
particle should be large in order for the particle to be distinguished. [ 4 4]
The SAXS equivalent to a refractive index difference is a difference in what is
called the scattering length density. Thus, for a SAXS experiment, if the sample of
interest does not contain any heavy atoms, one must decide between introducing some as
probes, or using very long data acquisition times. If a probe is to be used, however, care
must be taken so that it does not alter the system under investigation. SANS provides a
useful alternative. Neutron scattering arises from a completely different part of the
molecules: neutrons scatter off the nuclei. Different isotopes may scatter differently, and
in particular 1 H and 2H have vastly different scattering characteristics allowing for some
very interesting experiments using deuterium labeling. To do this, we must assume that
isotopic substitution does not substantially alter the system.[ 44]
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II. Neutron Scattering
In a scattering experiment (see Figure l .4), a parallel beam of subthermal neutrons
of intensity 10 (number of neutrons per square centimeter per second ), incident on a flat
sample cell of volume V containing N particles in solution, is scattered in a small cone
around the forward direction. The measurement of the scattered neutron intensity Is at an
angle 0 is carried out with a detector subtending an area ,.2 dQ, defined by the solid angle
dQ, at a distance r away from the sample. The basic quantity measured in the experiment
is the ratio

l r2d0. 2
da (Q) = s
[cm ]
10

(1.20)

which has the dimension of an area and is called the differential cross-section of the
scattering specimen. In practice, a multicell two-dimensional position-sensitive detector
is used to detect the scattered intensity at many angles of interest simultaneously. [20, 43]
There are two kinds of scattering in SANS. One is inelastic scattering in which the
scattered neutrons have gained or lost energy while interacting with the sample. The
other is elastic scattering, which does not involve energy transfer. Consider a solution
containing polyelectrolyte molecules. We focus here on the elastic scattering of neutrons
by nuclei in the sample. The momentum transferred in the scattering event is represented
by momentum transfer vector Q, defined by
(1.21)
where k1 and � are the final and initial wave vectors of the radiation in the medium. For
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Fig. 1 .4 Scattering Geometry (Chen, S. H. Ann. Rev. Phys. Chem. 1986, 3 7, 351)
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elastic scattering: k1 = k; = 2n-nl . The Q vector has a magnitude:
Q = 2k sin 0 =

41l' sin B

(1.22)

where 0 is scattering angle. Scattering data are presented as a function of the scattering
vector Q.
The basic expression for the coherent scattering component of the differential
cross-section is given by the following ensemble average:
(1.23)
where the relative separation of two atoms is rij = Rj - Ri (see Fig. 1.5), and it is
recognized that atoms i and j may be within the same particle or in two different particles
( whose centers of mass are at p and q, respectively, and which contain np and 11q ·
scattering centers). The development used here is described more fully elsewhere. [20,
45] There is second contribution to the scattering, the incoherent scattering component.
The difference between them is that the incoherent term accounts for the correlation
between the position of the same nucleus at different times, so it is connected with the
motion of the nuclei, no matter whether they are engaged in some kind of collective
vibrations or undergoing stochastic displacements. The coherent cross-section involves
correlations between nuclear positions at different times, and therefore includes collective
phenomena and structural information.[2O]
Equation (1. 6) can be separated into intraparticle (p=q) and interparticle terms (p:;t:q),
g1vmg
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p* q= 1
q

cir.

n

( 1 .24)

Rp-Rq is the center-to-center distance for a pair p,q of particles, N is the number of
particles and ri(q)j(p) = Rp -Rq + rj(p) - ri(q). The intraparticle term in Eqn. 1 .2 1 is just N times
the square of the single-particle form factor, which may be defined as
F(Q) =

L b exp(iQr )

j(q)

( 1 .25)

1

1

with the sum being over all atoms in the particle.

This intraparticle term can be

calculated for any particle geometry. For the form factor of the whole system, neglecting
the effects of particle orientation, we have
P(Q) = F 2 (Q)

(1 .26)

When 0 approaches zero, the form factor becomes independent of particle shape. The
region of very small angles, where QRg< l , is known as the Guinier region. [46] From the
Guinier region, the radius of gyration, Rg, can be obtained from P(Q):
P(Q)

=

1-

Q2 R 2
g +A
3

( 1 .27)

It should be kept in mind that all these derivations are based on a dilute solution situation,
where particle interactions can be neglected. For different particle shapes; there are
different expressions for the form factors P(Q) :
Sphere

P(Q) = [ :, (sin x - x cos x) ] '
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QD

x= -

2

( 1 .28)

Thin Rod

sin x 2
I r2x sin w
(
P(Q) = - -dw - -)

Coil

P(Q) =

X

W

X

QL
x= -

2

-X [ e -x - (1 - x)]
2

( 1 .29)

( 1.30)

where D is the diameter of a sphere, L is the length of a rod, r is the root mean square of
the distance between ends of a random coil. For the wormlike chain, a more complicated
form factor is introduced, which contains the contribution of the wormlike chain form
factor.
When interparticle interactions are included, the full expression for the scattered
intensity l(Q) is related to the form factor P(Q) and structure factor S(Q):
l(Q) =KcMwP(Q)S(Q) + BD

( 1 .31)

Kc is a collection of constants appropriate ·for neutrons, X-ray or light, proportional in the
case of SANS to the square of the contrast in scattering length density between particles
and solvent. M w is the weight-average molecular weight and BD is the background of the
solvent. The Kc in SANS is

(1 .32)

The specific volume of the particle is µ, p is the scattering length density, and the
subscripts p, s represent the particle and solvent respectively . Np is the number density of
particles.
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SANS is dominated by coherent scattering when the particles' number density is
low and the solvent is deuterated.

The relevant quantity, which comes into the

description of scattering cross sections, is the bound coherent scattering length (bcsl) of
the nuclei b 1 . b 1 is more or less the same order of magnitude for all nuclei, except for
their signs. The contrast (the difference in neutron scattering length density) between an
aqueous solvent and a hydrogen containing particle can be made greatest by either using
a D2 O solvent or by substituting the protons of the particle by deuterons, since the bcsl
for hydrogen (-0.37x l 0- 1 2 cm) is very different from the bcsl of its isotope deuterium
(+0.667x 1 0- 1 2cm). The contrast between the particle and the solvent can also be changed
by simply changing the D 2 O/ H2 O ratio of the solvent. This external contrast variation
technique is useful in studying particles with complex internal structures. It is also
possible to enhance the spatial resolution of a measurement by selectively deuterating a
particular portion of a particle. [45, 47-49]
III.

Scattering from Polyelectrolyte Solutions
SANS, SAXS and LS have been widely used to study the structure of

polyelectrolyte solutions of charged spheres or globules, charged rodlike molecules, and
charged flexible chains in the past two decades. [36, 50-64] Most of the scattering
curves, I(Q) vs. Q, for salt-free polyelectrolyte solutions show a characteristic maximum,
and the maximum position Qm depends on the polyelectrolyte concentration Cp and the
charge density of polyelectrolyte.
Qualitatively, there is a critical charge density (� = 1 ) of polyelectrolyte above
which counterions will condense. Further increase of the charge density results in no
24

increase in effective polyion charge and the position of Qm is independent of the charge
density. Below the critical charge density (�< 1 ), the dependence of Qm on � has been
studied for different polyelectrolytes and at different �- Essafi and coworkers have
reported that Qm changes for poly(styrene-co-sodium styrene sulfonate) as � increases
from 0.25 to 0.80, [65], and later they also reported that the Qm is unchanged for
poly(acrylamide-co-sodium-2-acrylamido-2-methylpropane sulfonate) (AMAMPS) at
different � with �> l . [66] In both cases, a decrease of Imaxllmin was observed as the �
decreased. A dependence of Qm on � below the critical charge density (�< l) has also
been reported for PVA (poly(vinyl alcohol)) [64] and SG (succinoglycan) [67] systems,
and in both cases Q m increased as � increased, together with an increase in Imaxllmin•
eounterion effects on the polyelectrolyte chains' conformations in solution have
also been studied by using scattering.

Comparisons between monovalent and

muiltivalent counterions for anionic polyelectrolytes[36] and

among monovalent

counterions (e.g. F, er, Bf, r) for cationic polyelectrolytes[37] have been made. By
studying polystyrene sulfonates in aqueous solution using light and neutron scattering,
the authors concluded that the presence of the multivalent counterions (Ca2+, Mg2+ , and
+
eu2 ) reduces the effective charge density of the chains, making their R8 's smaller and
+

lowering Q m compared with monovalent counterions (K+ , Na and H+). [36]

By using

light scattering to investigate different anionic counterions in cationic poly(2vinylpyridine)s (PVP) systems, Rg 's decreasing from F to er to Bf to r was observed,
as more weakly hydrated ions associate more strongly with the polyions. [37]
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The relationships between Qm and Cp have been extensively studied . [24, 52-64,
68, 69 ] All the three regions (Region I, Region II, Region III) of polyelectrolyte
solutions discussed in Section A show a dependence of Qm on concentration; in the dilute
region Qm is proportional to C 113 [52, 54, 56, 58, 60] while in the semidilute region Qm is
proportional to C 112 . [6 9 ] The · Qm~C 113 relationship in the dilute region can be easily
understood as the correlation among centers of polyions, while the Qm~C 112 relationship
in the semidilute region is often assigned to the nearest-neighbor intersegmental
correlation.
However, there is still not a universally accepted interpretation for the origin of
the peak. The following three interpretations are proposed: (i) The peak is not due to
some order in the solution but is related to the very small value of the scattering intensity
when Q tends to zero, I(Q=O), which is dominated by the osmotic compressibility of
small free ions in the solution.[70, 7 1 ] (ii) In the de Gennes model (the isotropic model),
each charged chain is surround by a tube from which other chains are excluded.[2 1 ] (iii)
The third interpretation postulates that electrostatic interactions impose a preferential
distance between charged cylinders leading to an "organized structure" characteristic of a
local cylindrical hexagonal packing (Qm~C 112) in the semi-dilute regime. Conventional
scattering experiments cannot discriminate between them, because all three predict
Qm~C 112 . Ise also propo�ed that the electrostatic interactions between the like-charged
polyionenes can have an attractive component mediated by the counterions,[72] but this
theory is not generally accepted.
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There are various methods that allow separation of the total scattering function
I(Q) into the intra- and intermolecular scattering functions.

One way is shown in

equation 1.28. Another way is to separate the total scattering function l(Q) of the
intramolecular scattering factor S1 (Q) and intermolecular scattering factor S2(Q):[65, 73]
l( Q) = XS! ( Q) + X 2 s2 ( Q)

(1.33)

S 1 (Q) is the form factor for scattering from a single chain. Si(Q) is the structure factor
between monomers of different chains. X is a quantity related to the fraction of protiated
polymer and to the D20/H20 ratio in the aqueous solution. The equation 1.33 can be
rewritten as:
J

( Q)

x

=

SI ( Q) ( 1 +

XS2 ( Q))
s1 ( Q)

(1.3 4)

and can be directly compared to equation 1.31:
(1 +

XS2 ( Q)
) = S( Q)
S1 ( Q)

(1.35)

A separate determination of S 1 (Q) and S2(Q) is possible using a mixture of deuterated and
protiated polyelectrolyte, which changes X in Eqn. 1.33.
The observed Qm comes from the contribution of both S1(Q) and S2(Q) to I(Q).
For example when the polyelectrolyte charge density is below the critical charge density
(�<l ), counterion condensation will not occur, and the strength of the electrostatic
interactions depend on the full charge densities of the polyelectrolytes. The lower the
charge density, the smaller the inter-chain and intra-chain electrostatic interactions,
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providing a smaller contribution from S2 (Q) and a smaller R8• Thus Qm will be lower
and Imaxllmin smaller.
The effect of added salt on the scattering maximum for polyelectrolyte solutions
is not well understood. As reviewed by Forster and Schmidt,[54] contradictory results
have been reported, particularly for the dependence of Qm on added salt concentration;
some authors reported that Qm was not affected by the addition of salt while others
reported that Qm shifted toward smaller Q. · [6 1 , 63, 66] The behavior of Qm in the total
scattering function I(Q) seems to be somewhat apparent because Q m is easily affected by
a small change of S2 (Q). We can think of changes in Qm in terms · of changes in both
S1(Q) and S2(Q). At high enough salt concentrations, Q m disappears. That gives us the
possibility of fitting the scattering curves by using only P(Q); the chains should behave as
Debye coils at high salt. The equation 1 . 3 1 can be used to fit these curves. These fits are
being attempted only for dilute solutions (in the region where C<C*). When the polymer
chain behaves as a Debye coil, the polymer chain is highly flexible, and interactions are a
function only of distance and not of relative orientation.
For the cases where the inter-chain interactions cannot be omitted, the random
phase approximation (RPA) [2 1 ] also can be used to fit the scattering:
J(Q) = AP(Q) I [l + vP(Q)] + BD

( 1 .36)

where A is a constant proportional to the scattering length density difference and the
number of particles. v is an excluded-volume parameter.
An approximate expression for S(O,c) comes from renormalization group theory
(RGT) and can be used to estimate the excluded-volume parameter through: [74]
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(1.3 7)

v = S(O,cf 1 -1
where

s(o, cr' = I + ½[9X - 2 + 2 ln( l + X) / x] exp{ ¼ [ Yx + (1 +

Yx, ) 1n( l + x)] }

X = (c� Mw )/(9/16 - ln{ Mw / Mn )/s)

where A2 is the second virial coefficient given by 4 .ir312 NA [ ( R. 2 ) '
3

(1 .3 8)
(1 .39)

2

M/ ] rp , and rp

/

is the penetration factor, obtained from the work of Huber and Stockmayer.[75]

C. APPLICATIONS OF CATIONIC POLYELECTROLYTES
The presence of positively charged polymeric materials in biological systems is

well known. These substances range from the small polycations such as spermine to

large proteins like the histones and the DNA-dependent polymerases. The functional and

structural roles of such DNA . and membrane-bound polyelectrolytes have been

investigated through the unique model system of polyionenes because their structure,

their positive charge densities, counterions and their molecular weights can be varied

systematically. These considerations apply not only to the study of antimicrobial activity,

but also to understanding of the interaction of the polyelectrolytes with DNA or as

molecular probes to elucidate the properties of cell membranes. [76]
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D. PREVIOUS WORK ON POL YIONENES AND STATEMENT OF
THE PROBLEM
The study of the thermodynamics and the structural properties of polyelectrolyte
solutions has attracted great attention, with significant effort on both theoretical
explanations and experiments that result in a deeper understanding of the polyelectrolyte
behavior in solution.

In 1 970s, Rembaum and coworkers [77] synthesized and

characterized polyionenes and related polyelectrolytes and used viscometry to gain
information on differences in the counterion binding (condensation) to them for inorganic
counterions . Counterion condensation on 6-6 polyionenes was also studied by using
electrophoretic light scattering. [78]

During those experiments, the parameter �

characterizing the charge density was varied continuously between 0.82 and I .40 through
variation of the dielectric constant ( changing lB) by addition of increasing proportions of
methanol to the H 2 O/MeOH solvent. The fraction of charges on the polyion that remain
uncompensated by condensed counterions was calculated from potentials calculated from
measured electrophoretic mobilities. It was observed that the result of the reduction of
charge density by counterion condensation is greater in magnitude than Manning theory
predicted.[78] More recently, Nagaya and coworkers [38, 39] did a series of conductivity
measurements to clarify the interactions between polyionenes and counterions with or
without added salt. They studied 3-3, 4-4, 6-6, and 6-9 polyionenes, and compared the
effective charge density parameter and calculated charge density parameter.

The

counterion-dependent discrepancy between the two parameters gave the following
specific counterion binding sequence: F<Cr<NO3-<Bf<r. SAXS was used to determine
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the persistence lengths of 4-4 and 6-6 polyionenes in methanol [79]. The same value, 14
±2

A, was obtained

for all the ionenes. A conclusion that this persistence length for

these ionenes in methanol without added salt is close to the intrinsic persistence length

was drawn.

Previous investigations of the impact of counterion identity on chain conformations,

counterion condensation and interchain interactions for cationic polyelectrolytes have

focused on halide counterions. [3 7-39, 77] A much wider range of anions have been

studied for giant flexible wormlike micelles in aqueous solution.[80, 8 1 ] These micelles
show many of the same properties as the polyelectrolytes. [8 1 ] In the micellar case

organic counterions have been studied and found to strongly influence micellar size and

flexibility. Organic counterions can insert between the head groups into the micelles and

bind strongly; this is the origin of their effect on micellar structure.

Inorganic .

counterions do not penetrate into the head group region. The former class of counterions

loses their hydrating water when they bind to micelles; the latter do not. We use organic

and inorganic counterions in our group's research on micelles and look for similar

counterion specificity for the polyionenes. [8 2]

In this thesis, we study [x,y] polyionenes m aqueous solution usmg SANS.

Polymer charge density is varied by adjusted the number of methylene groups between
the cationic N's in the polymer backbone.

Counterion exchange is achieved using

dialysis. The resulting effects on the scattering investigated provide evidence concerning

whether changing the counterion structure causes condensation at linear charge densities

31

greater than the Bjerrum length, and whether the counterion identity affects persistence
length.
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CHAPTER II
EXPERIMENTAL SECTION
A. INTRODUCTION
In this section, the preparation of polyionenes (linear polyelectrolytes from

N,N,N�N'-tetramethyl-a,co-diaminoalkanes

and

a,co-dibromoalkanes)

and

the

experimental techniques used to characterize these polyelectrolytes are described.

Dialysis was used to exchange the Bf counterion for

er

and 2 6C1Bz· (2,6-

dichlorobenzoate) for studying the specific ion effects on counterion condensation,
electrostatic interactions between polyionene chains, and chain flexibility.

Light

scattering was used to determine the molecular weight of polyionenes. Experimental
details of small-angle neutron scattering (SANS) studies are also given.

B. SYNTHESIS OF POLYIONENES
I. Materials

1,3-dibromopropane (99%), N,N,N�N'- tetramethyl-1 ,3 -propanediamine (98 %),

1,6-dibromohexane (96%), N,N,N�N'- tetramethyl-1,6-hexanediamine (98%), and 1,8-

dibromooctane (98 %) from Aldrich were used after purification by distillation under

reduced pressure. 1,8 -diaminooctane (98%), formic acid (96%), and formaldehyde (3 7

wt.% solution in water) from Aldrich were used as received. AR grade sodium chloride

(NaCl) from Aldrich was used as received.

The synthesis of sodium 2,6-

dichlorobenzoate (Na26C1Bz) and the synthesis of 3,3 ; 6,6 ; 8,8 polyionenes will be
33

discussed in the next section. AR grade methanol and dimethyl formamide (DMF)
were used as received from Aldrich. Deuterium oxide (D2O, 99.9%D) was obtained
from CDN isotopes and used as received.
II. Synthesis

The [x,y] polyionenes were synthesized using the Menschutkin reaction. [83, 84]
The polymerizations were carried out at room temperature in a mixture of N,N,N�N'
tetramethyldiaminoalkane ( I ) and dibromoalkane ( II ) in methanol-DMF solvent, see
Scheme 1 .
This kind of polymerization is a step-growth polymerization. For step-growth
polymerizations, the number-average degree of polymerization DP can be expressed as:
1
1- p

(2. 1)

DP = --

where p is the fraction of functional groups reacted. If p = 1, the DP is theoretically
infinite. In order to achieve a high DP or high molecular weight polymers, p needs to be
greater than 0.99.

A one-to-one ratio of reactants is required for step-growth

polymerization to reach high molecular weights, so all reagents need to be highly
purified. The purity of all reagents was checked by gas chromatography.

+

I

r. t. one week
II

III

Scheme 1
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The reactants were purified as follows.

The dibromides were washed with

concentrated sulfuric acid, water, 10% sodium carbonate, and water, successively, and
dried over calcium chloride.

After drying with calcium chloride, the 1 ,3- and 1 ,6-

dibromides were distilled at atmospheric pressure, and the fractions with boiling points of
165- 166 °C and 237-238 °C, respectively, were collected. The 1 ,8-dibromooctane was

distilled under reduced pressure, with the fraction collected boiling at 105- 108 °C at 2
K.Pa.

All the N,N,N�N�tetramethyldiaminoalkanes were dried over Drierite and

fractionally distilled.

Tetramethylaminopropane and tetramethylaminohexane were

distilled under atmospheric pressure with boiling points 1 2 8 - 1 30 °C and 205-207 °C,
respectively, while the tetramethylaminooctane was distilled at 2 KPa, boiling point l 36138 0C.

The rate of polyelectrolyte formation depends primarily on concentration of

reactants, temperature, time, and dielectric constant of the solvent. The solvent was

chosen based on the rate of the reaction and the solubilities of the polyionenes in related
solvents.

Reaction rates increase in the following order : methanol < methanol-DMF

(2 : 1 ) < methanol-DMF (1 : 1 ) < acetonitrile < . DMF < dimethylsulfoxide, while the

solubilities of the polym er decrease in the above order. In order to get good solubility of
polymer, methanol-DMF (2 : 1 by volume) was chosen.

The diamine (I) and dibromide (II) in stoichiometric proportions (0. 1 mole of each

reactant added to 65 mL solvent) were dissolved in methanol-DMF (2 : 1 by volume) and
allowed to react at room temperature.

The resulting white precipitate was filtered,

dissolved in water, filtered again, and a precipitate collected from the aqueous solution by
35

adding acetone. This process was repeated several times, and the final polyionene
product was dried under vacuum at 40 °C.
During the polymerization reactions, small amount of polymers were separated
from the reaction flasks from time to time and the viscosity-average molecular weights,
Mvs, were measured by viscometer. The effect of time on the molecular weights of the
polymers is illustrated in Table 2.1. The products' molecular weights increase with
increasing reaction time. The molecular weights of the polymers used for neutron
scattering measurements are 24,700 for 3-3 Br polyionene, 50,900 for 6-6 Br polyionene,
and 17,500 for 8-8 Br polyionene.
Since N,N,N�N�tetramethyldiaminooctane is not commercially available, we
synthesized it using the following procedure, see Scheme 2. To 1 mole of 96% formic
acid in a 500-mL round-bottomed flask, cooled in running tap water, is added slowly 0.2
mole of 1,8-diaminooctane. The flask size is large to accommodate frothing that occurs
during generation of CO2.

To the resulting clear solution are added 0.6 mole of

formaldehyde solution. The flask is connected to a reflux condenser and is placed in an
oil ·bath that has been heated to 90-100 °C. A vigorous evolution of CO2 begins after 2-3
minutes, at which time the flask is removed from the bath until the gas evolution notably

90°

"-.N
/

Scheme 2
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Table 2. 1 Time Effect of Polymerization

Reaction
time
(da s)

Mv(3,3)
( 1 04 g/mol)

Mv (6,6)
( 1 04g/mol)

Mv (8 , 8)
( 1 04g/mol)

3 .46

3
7

2.0 1

5.01

14

2.44

5.09

0.98

21

2.50

5.09

1 .75

30

2.47

1 .75
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subsides; then it is returned to the bath and heated at 90-100 °C for 8 hours. After the
solution has been cooled, 100 mL of 4 M hydrochloric acid is added and the solution is
evaporated to dryness under reduced pressure (water pump) from a water bath; the
receiver is cooled in an ice bath. The pale yellow syrupy residue (or crystalline solid) is
dissolved in 60-75 mL of water, and the organic base is liberated by the addition of 50
mL of 18 M sodium hydroxide solution. The upper phase is collected, and the product
distilled under reduced pressure (b.p. 1 12- 1 1 4 °C).
The 3,3 polyionene exhibited limited solubility in methanol, while the 6,6 and 8,8
polymers were highly soluble in methanol. All polymers examined were found to be
soluble in water and insoluble in acetone and chloroform.
III. Determination of Molecular Weights

There are several experimental methods available to · determine the molecular
weight of polymers. The relationship among three commonly used molecular weights is
Mn<Mv<Mw, where Mn is the weight-average molecular weight, and Mw is the weight
average molecular weight. These quantities are defined in the following way:

Mn

L M; N;

=

i=_
l __

(2.2)

oo

L N;
i=l

l/a

M

'\"'

�

V

=

M_(
l+a> N.I
I

i=_
l ____
_

(2.3)

00

L M; N;
i= l
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L M; 2 Ni
Q()

Mw

=

_
i=_
l ___

(2. 4)

Q()

L M; N;
i= l

where N; is the number of pol ymers having molecular weight M;. a is a constant for a
particular pol ymer-solvent pair at a particular temperature. Most a can be found in the
Polymer Handbook,[85] but we could not find the a for polyionenes in the Handbook and
we used a from elsewhere [84] . We used viscometry and static light scattering to
determine the molecular weights of our polyionenes in the as-synthesized, B{ form. Care
was taken to make measurements using a solvent, 0.4 M KBr, in which pol ymer-pol ymer
electrostatic interactions are minimized.
Viscometry

Intrinsic viscosity, [ri], measurements, from which an Mv can be obtained, are
carried out for dilute aqueous polyionene solutions by using Ubbelohde viscometers at
2 5.00 ± 0.05 °C. [11] was calculated from measurements of solutions' specific viscosities,
at several concentrations using the Huggins equation: [ 1 3]

1/; = [ 17 ] + k' [ 17 ] C
2

(2 .5 )

where C is the concentration of polym er, k ' is constant for a particular pol ymer-solvent
pair at a particular temperature and l'l sp is the specific viscosity. It is obtained using:

1'/sp

t - t0
= -t
o

(2. 6)
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The two times t and t0 are respectively the flow times for the polymer solution and
solvent. Since the specific viscosity ll sp is a ratio of viscosities, it is dimensionless. The
intrinsic viscosity [ 11] is expressed in reciprocal concentration units.
The relationship between intrinsic viscosity and polymer molecular weight is given
by the Mark-Houwink equation. [86]
[ 77 ] =

KM/

(2. 7)

[ 77 ](3,3Br) = (2.94 x 10-4 ) M/·61
[ 17 ](6,6 Br ) = (6.22 x 10-4 ) M/.ss
[ 77 ](8,8 Br) = (8.40 x 10-4 ) Mv 0.57

K, and a values for polyionenes were obtained from ref. [84], and Table 2.2 tabulates the
intrinsic viscosities and the Mv 's derived from them using Eqn.2.7.
Light scattering
Static light scattering was used to measure Mw 's of the polyionenes in the bromide
form.

Light scattering measurements were performed on a BI-200SM Research

Goniometer and Laser Light Scattering System, and refractive index increments (dn/dc)
were measured on a B1-DNDC Differential Refractometer. The solvent was again 0.4 M
KBr and a series of polymer solutions of varying concentration (2-20mg/mL) were made.
The scattering from the polymer solutions was measured at 8 different angles between
30 ° and 120 ° , and the molecular weights were derived from Zimm plots: [13]
l 61r 2 R/ . 2
1
(
)
(
I �R(e , c) = Mw + 2A2 c 1 + 3,,i 2 s m

KC/

(01)
2)

(2. 8)

The polymer concentration is c, 8R(E>,c) is the excess Rayleigh ratio measured for each
concentration at each of the 8 angles. Excess means that the ratio is the difference
40

Table 2.2 Correlated molecular weight

Characterized by viscometry
3, 3 ol ionene
Intrinsic
Viscosity([11])
Mv
-4

(x l 0 g/mol)

6, 6 ol ionene

8, 8 ol ionene

0. 147

0.33 1

0.220

2.44 ± 0.02

5 .09 ± 0.04

1 .75 ± 0.02

Characterized by light-scattering
3, 3 ol ionene ·
Mw
-4

(x l 0 g/mol)

Mn
-4

*

( x 1 0 g/mol)

6, 6 of ionene

8, 8 ol ionene

5 .75 ± 0.04

9.0 1 ± 0.07

2.63 ± 0.02

2.88 ± 0.02

4.5 1 ± 0.04

1 .32 ± 0.0 1

* Mn was calculated from Mn = Mw / MWD, assuming MWD = 2 for
step-growth polymerization.
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between the value measured for the solution and the value measured for the solvent. The
scattered intensity, expressed in counts/sec, is put on an absolute scale by measuring the
scattering of a substance (in our case it is toluene) with a known Rayleigh ratio under the
same experimental conditions as used for the samples and the solvent, 0.4M K.Br. A2 is
the second virial coefficient, Rg is the radius of gyration, 0 is the scattering angle, and A is
the wavelength in vacuum the incident of laser beam. We used a He-Ne laser with a
wavelength of 632.8nm. K is the optical constant and can be calculated from: [87]
K = 41r 2 n 0 (dn I dc) I ( N0 J..,/ )
2

(2. 9)

where no is the refractive index of solvent and No is Avogadro's number. The Zimm
plots for 3,3; 6,6 and 8,8-polyionenes are given in Figs. 2. 1 -2.3, respectively. From
equation 2.8, the molecular weight can be derived from the intercept at c = 0 and 0=0; the
radius of gyration can be derived from the slope when c = 0; the second virial coefficient
can be derived from the slope when 0 = 0. The results are also tabulated in Table 2.2.
Gel permeation chromatography
Gel permeation chromatography (GPC), also called size exclusion chromatography
(SEC), is a form of chromatography based on separation by molecular size rather than
chemical properties. GPC is widely used for determination of Mw, and Mn and of
molecular weight distributions (MWD, also called polydispersity index, PDI, = M w!Mn),
GPC does not give the molecular weights directly. Calibration using polymer standards
of known molecular weights are required. The polymers undergo separation according to
differences in hydrodynamic volume. The separation is made possible by using special
packing materials in the column. Due to the properties of our polyionenes, aqueous
42
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Figure 2. 1 Zimm-plot for 3-3 polyionene measured by light scattering.
Mw = 5 .75 x 1 04g/mol
43

5.101&-06

.

◄.
,1----l--,6--·- - _: . _ ,, _ . . _.

'

··-

-

,.

.- ·.. I

•

- ··-·---· ....-----+-�"""'

I

II

I.
j 3.21 58-0ti

u.

..
•

______

I

2

_ �Pb

......_____;._.....;...._,

Sh (tll) + � a

...
1.1

_:::;�:;;;.....---

Figure 2.2 Zimm-plot for 6-6 polyionene measured by light scattering.
Mw = 9.01 x 104g/mol

44

1.189&-04

•

IJ
11

II

1.1
3.1 409--06 �
0 .�
o'- ----------2-------------�

Sin (ea) + 1 C
ZJmm PIOt

Figure 2.3 Zimm-plot for 8-8 polyionene measured by light scattering.
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columns are needed for the GPC measurements. 0. 8M NaNO3 or 0. I M trimethylamine
(TEA) aqueous solution was used as eluent (the mobile phase) to minimize not only the
polymer-polymer interactions but also polymer-column interactions. The measurements
were first tried on Waters' single ultrahydrogel 500 column installed in the GPC machine
in Dr. Dadmun's lab and no results were obtained because the measurement cannot give
us adequate chromatograms for the polymers and even for some PEO standards. We also
sent out samples to Viscotek Corp.

By using the linear column, they also got no result

for the reason of column-polyionenes' interactions and thus no polymer came out from
the column. Polyionenes are difficult to get the molecular weight by the methods of GPC
because of the strong polymer-column interactions.
Without the GPC results, we lack an experimental value for the MWD and Mn ,
which are related by Mn = Mw(LS)/MWD. Instead, MWD

=

1+ P derived from kinetics

of the step-growth polymerization was used, giving a value of 2 because we assume a
nearly complete, P > 0. 99, conversion of monomers to polyionenes based on molecular
weight measurements using light scattering and viscometer. A comparison between
molecular weights obtained by the light scattering and intrinsic viscosity (Table 2.2) are
made here. For 6-6 and 8-8 polyionene, the order Mn<Mv<Mw is observed, as predicted;
while for 3-3 polyionenes, an unreasonable Mv �Mn <Mw is observed and this may come
from an incomplete screening of the polymer-polymer interactions between the 3-3
polyionenes.
IV. Dialysis

We used dialysis to exchange er and 26C1 Bz· for the Bf ions of the as-synthesized
polyionenes. The dialysis membranes used were from the Cellu.Sep T-series sold by
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Membrane Filtration Product, Inc. Membranes are characterized by a molecular weight

cut-off (MWCO ), which relates to the expected membrane retention of polymers
according to their molecular weights. Our polymers are linear and their molecular

weights are in the range of 10,000 ~ 100,000. We chose membranes whose MWCO is

3500 to do the ion exchange. During the exchange, 2 grams of polymer were put into a

10 cm length membrane bag (a larger amount of polymer may cause the membrane to

'explode' because of large osmotic pressure) in a 1.5 L beaker with stirring. Highly

concentrated NaCl solutions were used to exchange the Br-, repeating 3 times (24 hrs per

change). The salt solution was chosen so that the [Cr]/[Bf] ratio is 40. In the case of
26C1Bz-, a single exchange (48 hrs) with salt solution and polymer concentration having

a [26C1Bz-]/[Bf] ratio of 40 is used because of higher selectivity coefficient for the
26C1Bz- compared with

er.

The pure

er or 26C1Bz- form of the polyionenes were then

obtained by dialyzing the solution against deionized water (6 hrs per change for a total

time of two weeks, approximately). Conductivity measurements were performed to
monitor that there is no extra salt in the polymer solution.

A conductivity of the

exchanged water equivalent to 300-3 50 Kn resistance after 6 hrs exchange against

deionized water (fresh deionized water has a resistance of 430-470 Kn) was considered
adequate.
I.

C. NEUTRON SCATTERING

SANS

SANS measurements were performed on the NG-7 SANS spectrometer at the

Center for Neutron Research, National· Institute of Standards and Technology,
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Gaithersburg, MD. The range of the scattering vector, Q, used was 0.01 - 0.22 A- 1 • The
sample cells used in the experiments are quartz cells with 5 mm path lengths. A sample
stage which is a I 0-position sample holder was always used to hold the cells exactly
perpendicular to the neutron beam and was thermostatted at 25 °C by using an external
circulator. The spectrometer has a two-dimensional area detector with a 64x 64 array of I
cm2 pixels. The raw 2D data are corrected for various background contributions and
averaged radially to give standard I D data files containing Q, I(Q) and associated error
bars. Varying the sample to detector distance (SDD) and wavelength of the incident
beam can then span a range of Q, for example a SDD equal to 3.1 m with a neutron
wavelength of 6 A provides the Q range 0.01 - 0.22 A- 1 •
Before running the experiments, we align the sample stage, beam center and
beamstop. A low power laser is available for rough centering of the sample translation
stage. The laser beam is reflected by a silicon wafer which is transparent to neutrons (it is
oriented at 45° from the beam direction). The stage is aligned so that the laser spot is
centered in the middle position of the sample holder position. A double exposure
Polaroid photograph is used as a guide for fine alignment of the sample stage. The
beamstop's position on the detector can be determined by placing a strong forward
scattering sample in the sample holder and starting data acquisition. After about 20
seconds, the image on the computer display should reveal strong scattering around the
beamstop, and the beamstop is adjusted until the scattering image is symmetric around
the beamstop. The beam center is measured with the neutron beam attenuated and the
beamstop moved out of position.
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After the instrument is ready, several standards, whose scattering cross section and
other scattering characteristics are known, are measured in order to put the experimental
data on an absolute scale. There are several standards used at NIST: silica is used for
intermediate Q's on the 30 m SANS instrument; water is generally used for shorter
wavelength or shorter detector distances where the silica sample scatters too strongly; and
polystyrene is used for intermediate to long configurations (low Q 's).
After all these steps are complete (about three hours), samples are ready to be
analyzed. To correct the raw SANS data from a sample solution requires also the
measurement of the contributions of scattered intensity from the empty cell (I E) and the
ambient background (18) with a sheet of cadmium used to block the beam.

The

transmission T, the ratio of neutrons not being scattered to the incident neutrons, for each
sample should also be determined to correct for the attenuation of neutrons in traversing
the sample. The measurement of the transmission involves attenuating the neutron beam,
moving the beamstop out and determining the total counts on the central region of the
area detector.
The measured intensity Is from the sample is corrected for these various
contributions : [ 43]
ls 0 = ( Is - IE ) - Ts /TE ( IE - Ia )
where, Ts, TE are transmissions for sample and empty cell, respectively.
Ts

Counts for sample
= ---------

T

Counts for empty cell
= ---------

E

Counts for empty beam

Counts for empty beam
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(2. 10)

ls0 is called the corrected intensity or I (Q). The factor Ts /TE is to correct for the
difference of attenuation of the incident beam in traversing the sample whose scattering
was measured and the windows of the cell.
Data are placed on an absolute scale by making use of the scattering from a
standard sample under the same spectrometer conditions as those used to acquire the data.
The scattered intensity I (Q) is related to the absolute cross section of dr(Q)/dQ by the
express10n:
I(Q) = Cl> A d T (r(Q)/dQ) �Q E t

(2.11)

where Cl> = flux on the sample,
A = sample area,
d = sample thickness,
T = measured sample transmission,
�Q = solid angle subtended by the pixel i,
E = detection efficiency of pixel i,
t = effective counting time, which was renormalized to give 10 8 monitor
counts
By dividing this expression for the sample by a similar expression for the standard,
the absolute cross-section can be calculated from:
ciL ( Q) _ l(Q) MONs ds Ts dL (O)
dn
ls (0) MON d T dn
where Is (0) = measured intensity of the standard sample at Q = 0,
ds = thickness of the standard sample,
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(2.12)

Ts = transmission of standard sample,
MON = monitor counts,
MONs = standard monitor counts, note that MONs = MON if I(Q) and ls(Q) are
from radially averaged work files. Radial averaging means assigning the pixels in
successive narrow annuli around the beam stop to their appropriate Q values and
summing the counts in the pixels.
II.

Preparation of Solutions

Polyionenes easily absorb water, and we always dry the polyionenes under high
vacuum before making the solutions. A stock solution is prepared and diluted with
solvent as needed to make a concentration series. In some cases, the polyionene solutions
have large viscosities, making them difficult to transfer by digital pipette, so the solutions
were prepared by weight as well as by volume.

D. LEAST SQUARES FITTING FOR DATA REDUCTION
Least-squares fitting uses the chi-squared (x2) function as a measure for the
deviation between the experimental data and the model fits. More rigorous discussions of
the chi-squared function are found elsewhere. [88, 89] Since I(Q) is not a linear function
of Q, the method we used is called non-linear least squares fitting. In some cases, the
fluctuations in the data come from the instrumental errors, and the uncertainties vary
point by point. It is then necessary to weight the fits (by the reciprocal of the square of
the statistical error of the individual points), which can make the points with larger error
bars have less contribution to the overall scattering curve fits. The fitting procedure
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utilized the standard non-linear least squares algorithm developed by Marquardt and
Levenberg. [89] The fitting were performed by using the software Origin with the help of
Jiandong Guo from Department of Physics, University of Tennessee, Knoxville.
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CHAPTER III
RESULTS AND DISCUSSION
The synthetic methods described in last chapter can be used to create polyionenes
with a range of linear charge densities by selecting starting materials that produce
different numbers (x,y) of methylene groups between the quaternized nitrogen in the x,y
ionene. Thus the ionenes are appropriate materials to test ion-condensation theory, the
effect of salt, the effect of polyion concentration and effect of counterion specificity on
properties of polyelectrolyte solutions. Table 3.1 gives the details of the properties of the
polyionenes studied. The degree of polymerization, n, equal_s M n/M monomer, in which M n
is the number average molecular weight calculated from the weight average molecular
weight measured by light scattering and M monomer is the monomer molecular weight. The
distance between charges (be ) along the chain is calculated based on the C-C and C-N
bond lengths. The contour length (L, which equals n x he ) and the linear charge density
parameter (�, equals /8/be) of synthesized polyionenes 3-3, 6-6, 8-8 are shown in Table
3.1. Manning's counterion condensation theory predicts that the counterion condensation
will occur for the 3-3 polyionenes until the � of 1.42 for the bare polyions is reduced to
�- 1. The � values of 0.8 1 and 0.63 for the 6-6 and 8-8 polyionenes respectively indicate
that counterion condensation is not predicted to occur in these systems.
In what follows we will discuss the effect of charge density, polymer concentration
and counterion structure on the SANS curves of polyionenes in D 20 at 25°C. The range
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Table 3 . 1 Parameters of polyionenes

X

y

bJ A

�/ A

3-3

3

3

5 .00

1 .42

8-8

8

8

1 1 .25

6

6-6

6-6
8-8

0.8 1

0.63

Ln/

Iln

n
Cp ;
mM

Lj

Ilv

v
Cp ;
mM

Lwl A

Ilw

w
Cp ;
mM

865

1 73

1 .75

753

151

2.00

1 730

346

0.87

· 630

56

5 .29

74

4.00

111

2.67

A

3-3

8.75

6

1 908 2 1 8

1 .37

A

2 141

245

834

54

1 .22

3806

1 249

435

0.69

of polyionene concentrations, Cm, is from 1 8 .5mM to 490mM with counterions Bf,

or 26C1Bz·.

er,

SANS curves were also obtained for polyionenes in D20 at NaCl and Na26C1Bz

concentrations of 30, 75, 150, 300, 600, 1000 and 1 500 mM, in order to study the effect

of salt. For these measurements the concentrations of the polyionenes in solution were
fixed at equal monomer concentrations, Cm, of 300 mM.

The equal monomer

concentration was chosen in order to have the same concentration of polyion charge

centers in each solution. Using the three degrees of polymerization (n0, nv, and nw) from
Table 3 . 1 , we can calculate the corresponding polymer concentrations Cp0, Cp v and Cpw,
using Cp = Cm/n. These are tabulated in Table 3 . 1 .

A. THE EFFECT OF POLYMER CONCENTRATION ON SANS
CURVES OF POLYIONENES IN D 2 O SOLUTION
Figures 3. 1 -3 .9 display the SANS curves for solutions of 3 -3, 6-6, and 8-8

polyionenes with three different counterions, Bf,

er,

or 26C1Bz·, and a range of

polyionene concentrations in D2 0 . All curves show a broad maximum (Qm), in the

intermediate Q region. The position of the single broad maximum (Qm) is a strong

function of concentration. The scattered intensity at Qm is designated as Imax• The
position of the peak is shifted to higher Q value as the polymer concentration increases.

One notes that at all concentrations this peak is accompanied by an upturn of the
scattered intensity at low Q (Q<0.02L'.i- 1 ). The same behavior has also been observed
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Figure 3 . 1 Concentration dependence of scattered intensity, I (Q), on Q for
3-3 26C1Bz polyionene in D2O. Concentrations are given in Cm
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Figure 3 .2 Concentration dependence o f scattered intensity, I(Q), on Q
for 3-3 Br polyionene in D2 O. Concentrations are given in Cm
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Figure 3 .3 Concentration dependence of scattered intensity, I (Q), on Q
for 3-3 Cl polyionene in D2 O. Concentrations are given in Cm
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Figure 3 .4 Concentration dependence of scattered intensity, l(Q), o n Q
for 6-6 26C1Bz polyionene in D2 O. Concentrations are given in Cm
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Figure 3 .5 Concentration dependence of scattered intensity, I(Q), on Q
for 6-6 Br polyionene in D2 O. Concentrations are given in Cm
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Figure 3 .6 Concentration dependence o f scattered intensity, I(Q), on Q
for 6-6 Cl polyionene in D2 O. Concentrations are given in C m
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Figure 3 . 7 Concentration dependence of scattered intensity, I(Q), on Q
for 8-8 26C1Bz polyionene in D2 O. Concentrations are given in Cm
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Figure 3.8 Concentration dependence of scattered intensity, I (Q), on Q
for 8-8 Br polyionene in D2 O. Concentrations are given in Cm
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Figure 3 .9 Concentration dependence of scattered intensity, I(Q), on Q
for 8-8 Cl polyionene in D2 O. Concentrations are given in C m
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by other groups. [90-98] Since the SANS data reported do not extend to values of Q
much below 0.0 1 A- 1 , it is somewhat difficult to locate the Q at which the local minimum
in I(Q), also called Imin, appears prior to the upturn in I(Q) that peaks at Q m .
The maximum in scattering at Qmax has been discussed in Chapter I. The values of
Qm obtained from Figures 3. 1-3.9 are presented in Tables 3.2-3. 4. The theoretical models
of de Gennes and Koyama[21, 99] predict Qm oc C p 1 13 for dilute solutions (C<C*) and Qm
oc C p 112 for semidilute solutions (C>C*). If we regard the position of the peak as a
measure of the Bragg's distance d b, we can calculate the experimental mean
interaggregate distance db

=

21t/Q m. The values of d b thus obtained are presented in

Tables 3.5-3.7 together with the real interchain distance, db,o, which was calculated based
on the number of particles in the volume of the solutions using equation db,o = (M w/cNA),
In the range of concentrations investigated, the values of db decrease as the pol ymer
concentration increases and this behavior is in agreement with many experimental results
reported for polyelectrolytes studied by SANS, SAXS, and light scattering.[ 16, 100-102]
We observed that the db obtained is smaller than the d b,o and this also has been observed
by other groups[61, 92], for example in SAXS measurements on tRNA and PSSNa. To
explain this, Ise has used the explanation that the presence of the counterions generates a
Coulombic attraction between the polyions, which overwhelms the Coulombic repulsion
between polyions, thus d b values from experiments are smaller than the predicted value
d b,o,[72] In chapter I, we have discussed that the Q m values shift to lower Q as the charge
density of the polyelectrolyte chains decreases. This comes about because of the effect
that changes in charge density have on the interchain scattering component, S2(Q).
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Table 3 .2 Qm value for 3-3 polyionene

QmlA- 1

CmlmM

Cl form

Br form

2,6 form

37.8

0.042±0.002

0.039±0.00 1

0.045±0.003

75 .5

0.056±0.00 1

0.05 1±0.00 1

0.060±0.00 1

1 5 1 .0

0.074±0.00 1

0.067±0.00 1

0.079±0.00 1

302.0

0.086±0.005

0.078±0.00 1

0.098±0.002
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Table 3 .3 Qm value for 6-6 polyionene

Qm1A· 1

CmlmM
Cl form

Br form

2,6 form

6 1 .3

0.057±0.00 1

0.047±0.00 1

0.060±0.00 1

122.5

0.078±0.00 1

0.072±0.002

0.080±0.00 1

245 .0

0.095±0.00 1

0.086±0.00 1

0.093±0.00 1

490.0

0. 1 1 9±0.00 1

0.083±0.00 1

0. 1 00±0.00 1
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Table 3 .4 Qm value for 8-8 polyionene

Qm!A- 1

CmlmM
Cl form

Br form

2,6 form

1 8.5

0.042±0.00 1

0.036±0.00 1

0.04 1 ±0.00 1

37.0

0.059±0.00 1

0.045±0.001

0.05 3±0.00 1

74.0

0.07 1±0.00 1

0.058±0.00 1

0.066±0.00 1

148.0

0.080±0.00 1

0.074±0.00 1

0.082±0.00 1

296.0

0. 1 1 0±0.00 1

0.083±0.00 1
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Table 3 .5 db value for 3-3 polyionene

CmlmM

db .of A

dJA

Cl form

Br form

2,6 form

37.8

247

1 48 .6±0. 1

160.7±0. 1

1 38.0±0. 1

75 .5

1 96

1 1 0.8±0. 1

1 23. 1 ±0.1

1 04.6±0. 1

1 5 1 .0

1 56

84.3±0. 1

93 .7±0. 1

78.9±0. 1

302.0

1 24

72.5±0. 1

80.2±0. 1

63 .9±0. 1
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Table 3 .6 db value for 6-6 polyionene

Crr/mM

dJA

db,ol A

Cl form

Br form

2,6 form

61 .3

228

107. 1±0. 1

1 3 1 . 1±0 . 1

103 .5±0.1

122.5

181

78.5±0. 1

86. 1±0. 1

78. 1±0 . 1

245 .0

144

67.2±0. 1

72.2±0 . 1

70.8±0. 1

298.9

1 34

60.9±0 . 1

490.0

1 14

52.6±0.1
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63 .7±0.1
75.0±0. 1

62.3±0 . 1

Table 3 .7 db value for 8-8 polyionene

CmlmM

db'ol A

dJA

Cl form

Br form

2,6 form

1 8 .5

2 14

1 5 1 .0±0. 1

1 73 .7±0. 1

1 5 5.0±0. 1

37.0

171

1 08.6±0. 1

1 3 7.0±0. 1

1 1 8. 8±0. 1

74.0

135

88.4±0. 1

1 08.9±0 . 1

94.8±0. 1

148.0

1 08

78.2±0. 1

85 .0±0. 1

77.0±0. 1

296.0
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57.3±0. 1
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75 .5±0. 1

Ise used another way to explain the origin of the Qm shift: the spacing of the polyions will
decrease as the number of the charges increases, this contribution can come from the
charge density increase on the polyion chain, valence of the counterion, and the
concentration of the polyion itself. As the charge density of the polyion decreases the
attraction between the polyions through the counterion will decrease because smaller
Coulombic attraction between the counterion and polyions, and thus an increase of the db
between the polyions moves the Qm to lower Q.
Figures 3 . 1 0-3 . 1 8 present the In-In variation of Qm as a function of polyelectrolyte
concentration, along with a least squares fit to the data points, whose slope is the scaling
exponent y (Qm oc CmY). The scaling exponents are tabulated in Tables 3.8-3. 1 0. For the
case of 3-3 polyionenes, the scaling exponent is 0.375, 0.340, and 0.35 1 for 26C1Bz-, Bf
and er respectively; for the 6-6 polyionenes, these values are 0.286, 0.426, and 0.347
respectively; and for 8-8 polyionenes, these values are 0.335, 0.342 and 0.327
respectively. For all these solutions with all three counterions, the scaling exponent is
close to 1/3 in each case. This means that all of the polyionene solutions investigated are
dilute.
From Tables 3.2-3 .4 and from db in Tables 3.5-3.7, we also observed that the Qm of
3-3 polyionenes have sequence Br-<Cr<26C1Bz- for all four concentrations investigated;
Qm of 6-6 polyionenes have the sequence Bf<Cr<26C1Bz- at lower Cm (6 1 . 3 and
1 22.5mM) and the sequence Bf<26C1Bz-<Cr at higher concentration (245 and 490 mM);
Q m of 8-8 polyionenes have the sequence Bf<26C1Bz-<Cr for all four concentrations
investigated.
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y = (0.377±0.01 7)x -4.45, R:0 . 0240, max dev:0.02 1 6
-2.4
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-2.8
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4.0
3.5

Figure 3 . 1 0 ln-ln plot of Qm versus concentration of 3-3 26C1Bz in D20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.3 77±0.0 17)
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1

y = (0.339±0.028)x -4.45, R:0.0448, max dev:0 .0496
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Figure 3 . 1 1 ln-ln plot of Qm versus concentration of 3-3 Br in D20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.339±0.028)
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-2 . 50

1

y = (0.352±0.034)x -4.42, R:0.052 1 , max dev:0.0526

-2.75

-3.00
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Figure 3 . 1 2 In-In plot of Qm versus concentration of 3-3 Cl in D20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.352±0.034)
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6.0

1

y = (0.242±0.038)x -3.75, R:0.071 5, max dev:0.0597
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Figure 3.13 ln-ln plot of Qm versus concentration of 6-6 26C1Bz in D 20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.242±0.038)
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1
y = (0.438±0. 1 04 )x -4.82 , R:0.1 04,
max dev:0.0848
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Figure 3 . 14 ln-ln plot of Qm versus concentration of 6-6 Br in D20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.438±0. 1 04)
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1
-2.2 y = (0.344±0.029)x -4.25, R:0.0385, max dev:0.0430
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Figure 3 . 1 5 In-In plot of Qm versus concentration of 6-6Cl in D20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.344±0.029)
78

-2.50
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y = (0.330±0.01 4}x -4.1 5, R:0.0 1 21 , max dev:0.01 30

-2.75

-3.00

-3.25
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3

5

Figure 3 . 1 6 ln-ln plot of Qm versus concentration of 8-8 26C1Bz in D20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.330±0.0 1 4)
79

-2.50 y = ( 0.347±0.004 )x 1 -4.35, R:0.01 1 2, max dev:0.01 1 0
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-3.00

-3 .25
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Figure 3.17 In-In plot of Qm versus concentration of 8-8 Br in D 20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.34 7±0.004)
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1

y = {0.320±0.028)x -4.06, R:0.0688, max dev:0.0743

-2.5

E
0

-3.0
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Figure 3 . 1 8 Ln-ln plot of Qm versus concentration of 8-8 Cl in D20.
(Solid lines is a least squares fits to the data which yields
a slope of 0.320±0.028)
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Table 3 .8 Scaling exponents for 3-3 polyionene in D20 determined from
slopes of ln(Qm) vs ln(Cm) plots as seen in Figure 3 .13-3 .15

Molecular Weight
g/mol

Scaling Exponent y

26C1Bz

4.06x104

0.377±0.017

Br

2.44x l 04

0.339±0.028

Cl

1.79x 104

0.352±0.034
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QmocC mY

Table 3 .9 Scaling exponents for 6-6 polyiotiene in D20 determined from
slopes of ln(Qm) vs ln(Cm) plots as seen in Figure 3 . 146-3 . 1 8

Molecular Weight
g/mol

Scaling Exponent y
Q moc C mY

26C1Bz

7.66x l 04

0.242±0.03 8

Br

5 .0 l x 1 04

0 .43 8±0. 1 04

Cl

3.94x l04

0 .344±0.029
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Table 3 . 10 Scaling exponents for 8-8 polyionene in D20 determined from
slopes of ln(Qm) vs ln(Cm) plots as seen in Figure 3 . 1 9-3 .2 1

Molecular Weight
g/mol

Scaling Exponent y
' QmocC mY

26C1Bz

2.56x l 04

0.330±0.0 14

Br

l .75x 1 04

0.347±0.004

Cl

l .42x 1 04

0.320±0.028
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In chapter I, the counterion binding of er and Bf to the cationic polyelectrolyte
has already been discussed. Schmidt and Muthukumar found that Br-, which dehydrates
more easily than er, shows greater condensation in poly(2-vinylpyridine)'s systems.[37 ]
In cationic micellar systems, Bf also shows ·a greater extent of binding than er to the
quaternized nitrogen. The counterion selectivity coefficient, K £N- (=[X]bound[Y] rreel[X]
free [Y] bound), for Br-/ er on the hexadecyltrimethylammonium micellar surface was
determined to be 4.29 by Nascimento and coworkers[103] and 3.27 by Morgan[104]. It
is thus reasonable to expect that Br- condenses more readily on the quaternized nitrogen
of the polyionenes as well.
Magid and coworkers[ 1 05] determined a value of 1 6.8 for K26C1Bz-1c1- . This means
that 26eIBz- was expected to show a greater extent of counterion condensation along the
polyionene chain than either Br- or er. In our experiments, we observed the unexpected
result that Bf is the most strongly condensing counterion, the most effective at moving
the Qm to lower Q.
Here, we concentrate on the effect of er and 26e1Bz-. For 8-8 polyionenes, for
which the � is 0.63, Manning theory predicts that there should be no counterion
condensation. If the same order of counterion binding holds for the polyionenes as for
the cationic micelles, 26eIBz is the counterion most likely to show some
condensation/binding to the polyelectrolytes, screening the inter-chain interactions and
moving Qm to lower Q.
On the contrary, for the 3-3 polyionenes, with � = 1 .42, Manning theory predicts
that counterion condensation will occur for all three counterions until � = 1 is reached, at
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which point the fraction of bound counterion is 0.3. Thus we would either expect the
extent of counterion condensation to be the same, independent of counterion identity, or
by analogy to the micellar case and the poly(2-vinylpyridine) case, we expect extra
condensation for 26emz· compared to er will occur after reaching � = l. Unexpectedly,
Qm is lower for er indicating that er is possibly more effective than 26e1Bz· at
screening the interchain electrostatic interactions if they have about same (or similar)
number of counterions bound on the polyionene's surface.
For 6-6 polyionenes, with � =0.8 1 , Manning theory again predicts that counterion
condensation will not occur. A sequence of Qm similar to the 8-8 polyionenes is only
valid at higher polymer concentration ( 1.0 and 2.0M). The results at lower polyionene
concentration are not as we expected.

These indicate that either the Manning's

counterion condensation theory or counterion binding abilities cannot be used to explain
the counterion effect in the polyionenes solutions by itself.
The unexpected results of higher Qm for 26C1Bz· compared to er and Br· indicate
that the counterion binding for the polyionene systems might differ from the counterion
binding in trimethylammonium headgroup micellar systems.

In the . case of

trimethylammonium headgroup in micellar systems, the steric hindrance to binding of
bulky counterions may be less than the steric hindrance in polyionene systems.
We also made the comparison between the different charge density polyionenes
with the Q m at three different counterions in Figs 3.19~3.21. The results are opposite to
the results observed by Borsali [67], who found an increase in Qm as the charge density
mcreases. This may come from the reason that we used concentration Cm. Because we
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Figure 3 .19 Log-log plot of Qm vs. Cm of 26C1Bz counterions for different
charge density polyionenes
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Figure J .20 Log-log plot of Qm vs. Cm of Br counterions for different charge
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Figure 3 .21 Log-log plot of Qm vs. Cm of Cl counterions for different charge
density polyionenes
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have different number of repeat units in the polymer chain, Cm cannot reflect the real
number of polymers chains in the solution. On the other hand, if we use Cp, we will have
different chain length in the solution. In both cases, the comparisons between different
charge density polyionenes are not reliable.
·Over the whole range of concentrations studied, not only is the peak position a
strong function of concentration at constant polymer molecular weight, but also the value
of lmw/Imin• We will use the definition that when Imax=Imin, Om disappears. At this point,
the remnant of Om is still visible as a shoulder in the scattering curve. The more the value
of Imw/Imin increases above 1 , the clearer the peak at Om is, meaning stronger interchain
electrostatic repulsions. Table 3.1 1 -3. 1 9 report the values of Imaxllmin obtained from the
scattering curves. For all polyionene and counterion combinations, Imaxllmin decreases. as
the concentration of polyionene increases.
We again tum to the analogy between polyelectrolytes and micelles [ 105]. In
cationic micellar solutions, larger amounts of counterion binding at the micellar surface
are observed for 26eIBz- than for er. Furthermore, 26eIBz- ions penetrates between the
surfactant head groups, while er remains at the surface. This results in observed S(O)'s
for the micellar scattering (I(O)=KcMwP(O,c)S(O,c)[ l 05]) that have a higher S(O) and a
lower S(Om) for er than for 26e1Bz-. Assuming that the same phenomenon will happen
for polyelectrolyte solutions, we should see a less pronounced peak, e.g., a lower Imaxllmin
value, for 26ernz· counterions compared with er and Br" counterions. From Tables
3. 1 1 -3.1 9, we see the expected trend for the 8-8 and 3-3 polyionenes. For the 8-8 and 3-3
polyionenes, we see a less pronounced peak (smaller Imaxllmin) for the 26ernz·
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Table 3 . 1 1 Intensity vs. concentration for 3 -3 2,6C1Bz polyionene in D 2O
determined from Fig. 3 . 1

1

Imin/cm· 1

lmaxflmin

0.07 1±0.00 1

0.04 1 ±0.00 1

1 .74±0.0 1

75

0.096±0.00 1

0.060±0.001

1 .6 1±0.0 1

1 50

0. 140±0.00 1

0.098±0.001

1 .53±0.0 1

300

0. 1 82±0.00 1

0. 1 26±0.00 1

1 .45±0.0 1

CmlmM

Imaxlcm·

37.5
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Table 3 . 1 2 Intensity vs. concentration for 3-3 Br polyionene in D 2O
determined from Fig. 3 .2

CmlmM

Imaxfcm-

37.5

0.062±0.00 1

0.035±0.00 1

1 .772±0.001

75

0.093±0.00 1

0.050±0.00 1

1 .867±0.001

1 50

0. 140±0.00 1

0 .08 1±0.00 1

1 .71 7±0.00 1

300

0.2 1 4±0.00 1

0. 1 48±0.00 1

1 .449±0.001

Imin/cm-

1
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1

Imaxflmin

Table 3 . 1 3 Intensity vs. concentration for 3-3 Cl polyionene in D 2 O
determined from Fig. 3 .3

Cn/mM

Imaxfcm-

37.5

0.050±0.00 1

0.025±0.00 1

1 .988±0.00 1

75

0.074±0.00 1

0.038±0.00 1

1 .924±0.00 1

1 50

0. 107±0.00 1

0.059±0.00 1

1 .829±0.00 1

300

0. 1 5 1±0.00 1

0.097±0.001

1 .553±0.00 1

I min/cm·

1
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1

l maxflmin

Table 3 . 14 SANS scattering intensity vs. concentration for 6-6 26C1Bz
polyionene in D2 0 determined from Fig.3 .4

1
Imin/cm-

I maxflmin

0.079±0.00 1

0.04 1 ±0.00 1

1 . 940±0.001

1 23

0. 1 1 6±0.001

0.076±0.00 1

1 .525±0.001

246

0. 1 82±0.00 1

0. 1 53±0.00 1

1 . 1 92±0.001

492

0.272±0.001

0.260±0.00 1

1 .044±0.00 1

CmlmM

I maxfcm-

6 1 .5

1
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Table 3 . 1 5 Intensity vs. concentrations for 6-6 Br polyionene in D2 O
determined from Fig. 3 .5

CmlmM

1
Imaxlcm-

1
Imin/cm-

Imaxflmin

6 1 .5

0.070±0.00 1

0.036±0.00 1

1 .944±0.00 1

1 23

0. 1 27±0.00 1

0.080±0.00 1

1 .592±0.00 1

246

0. 1 95±0.001

0. 143±0.00 1

1 .363±0.00 1

492

0.304±0.00 1

0.272±0.00 1

1 . 1 1 6±0.00 1
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Table 3 . 1 6 Intensity vs. concentration for 6-6 Cl polyionene in D20
determined from Fig.3 .6

1

Imin/cm-

1

CmlmM

Imaxfcm-

6 1 .5

0.074±0.001

0.047±0.00 1

1 .589±0.00 1

1 23

0. 1 03±0.00 1

0.070±0.00 1

1 .457±0.001

24 6

0. 149±0.00 1

0. 1 1 9±0.00 1

1 .247±0.00 1

492

0. 1 70±0.00 1

0. 1 36±0.00 1

1 .253±0.00 1
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lmaxflmin

Table 3 . 1 7 SANS scattering I ntensity vs. concentrations for 8-8 2,6C1Bz
polyionene in D 20 determined from Fig. 3 . 7

CmlmM

Imax

lmin

Imaxflmin

1 8.8

0.060±0.00 1

0.032±0.00 1

1 .833±0.00 1

37.5

0.083±0.00 1

0.050±0.00 1

1 .643±0.00 1

75

0. 1 1 9±0.001

0.085±0.00 1

1 .405±0.00 1

1 50

0. 175±0.00 1

0. 1 50±0.00 1

1 . 1 69±0.00 1

300

0.272±0.00 1

0.260±0.00 1

1 .049±0.00 1
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Table 3 . 1 8 Intensity vs. concentrations for 8-8 Br polyionene in D 2 O
determined from Fig. 3.8

1

CmlmM

Imaxlcm- 1

Imin/cm-

1 8.8

0.046±0.00 1

0.0 1 7±0.00 1

2.794±0.001

37.5

0.068±0.00 1

0.03 6±0.00 1

1 .92 1 ±0.00 1

75

0. 103±0.00 1

0.06 1±0.00 1

1 .694±0.00 1

1 50

0. 1 5 8±0.00 1

0. 1 1 1±0.00 1 .

1 .4 1 7±0.00 1
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Imaxllmin

Table 3 . 19 Intensity vs. concentration for 8-8 Cl polyionene in D2O
determined from Fig. 3 .9

Cn/mM

Imaxlcm-

1 8.8

1
Imin/cm-

Imaxflmin

0.042±0.001

0.0 1 7±0.00 1

2.479±0.00 1

37.5

0.068±0.00 1

0.038±0.00 1

1 .809±0.001

75

0.092±0.00 1

0.054±0.00 1

1 .688±0.00 1

1 50

0. 1 3 1±0.00 1

0.096±0.00 1

1 .36 1±0.00 1

300

0. 1 86±0.00 1

0. 1 64±0.00 1

1 . 1 35±0.00 1

1
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counterions, indicating that 26C1Bz· is giving a greater extent of condensation along the
polyionenes' chain. However, we did not see a good consistency of this for the 6-6
polyionenes. For the 6-6 polyionenes, we observed a less pronounced peak for

er

Omax/Imin = 1 .59 and 1 .46 for 0.25 and 0.5M Cp, respectively) than for 26C1Bz· Omaxllmin
=1 .94 and 1.53 for 0.25 and 0.5M Cp, respectively), while at higher concentration (1.0
and 2.0M C p) a similar less pronounced peak is observed for 26C1Bz·. These results are
consistent with experimehtal results of Qm except the 3-3 polyionene case, in which an
unexpected result was observed, and this difference may come from the experimental
error.
The companson of charge density influence of the values of Imaxllmin is also
performed between the different polyion systems. The comparison is based on the same
monomer concentration, C m=300 mM. For the same counterion, we expected to see a
decrease of the values of Imaxllmin as the polyionene charge density decreases because
higher charge density polyionene provides larger interchain interactions between the
polyionene systems and makes the maximum more obvious. From Table 3. 1 1 to 3.1 9, we
do observed the decrease of the values of Imaxllmin as the polyionene charge density
decrease for all three different counterion systems.
A good method to separate the single chain form factor S 1 (Q) from the total
scattered intensity is the use of zero contrast variation experiments. [ I 06]

In these

experiments, interchain interactions are made invisible by using same amount of
deuterated and protiated polymer in an H20/D20 solution of composition such that the
two polymers have equal and opposite contrast. As a result, the contribution of the Si(Q)
1 00

term to I(Q) is zero, and the single chain structure, S 1 (Q), can be obtained. This work has
not been done in this thesis.

B. EFFECT OF IONIC STRENGTH ON
POLYIONENE SOLUTIONS
Figures 3 .22-3 .27 show the effect of added salt concentration, Cs, on the scattering

curves of the polyionenes with fixed monomer concentration, Cm, at 300 mM. The

counterions studied here are er and 26C1Bz-. The range of Cs is from 30 mM to 300 mM

for 3 -3 polyionene solutions, from 30 mM to1500 mM for 6-6 polyionene solutions, and
from 30 mM to 1000 mM for 8-8 polyionene solutions. When Q>Qm, the scattering

curves at all Cs superimpose for the same polyionene. This indicates that the chains'

cross-sectional thickness is insensitive to Cs ,

The evolution of the scattering curves is the same for the three polyionene systems,

from the distinct peak at Qm (discussed in Section 3.A) at Cs

=

0 to a smooth monotonic 

decay (analogous to the scattering from a solution containing uncharged chains) as Cs

increases. The peaks shift slightly to lower Q's as Cs increases from 0 mM to 30 mM,
and then it becomes less visible until it completely vanishes at higher salt concentration.

This phenomenon means that at high salt concentrations, electrostatic repulsions between

the polyion coils are screened, and S(Q) (or S2(Q) in Eqn.1.30) contributes less or not at
all to the total scattering curves.

In addition, intrachain repulsions should also be

screened, causing the Rg ' s to decrease because the chains become more flexible. This

behavior is also observed for other polyelectrolyte systems. [18, 107]
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Figure 3 .22 SANS scattering intensity, I (Q), plotted versus the scattering
vector Q for 3-3 26C1Bz in D2O with added salt. Cm=300mM
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Figure 3 .23 SANS scattering intensity, I(Q), plotted versus the scattering
vector Q for 3-3 Cl in D2 O with added salt. Cm=300mM
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Figure 3 .24 SANS scattering intensity, I (Q), plotted versus the scattering
vector Q for 6-6 26C1Bz in D2 O with added salt. C m=3 00mM
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Figure 3 .25 SANS scattering intensity, I (Q), plotted versus the scattering
vector Q for 6-6 Cl in D2 0 with added salt. C m= 300mM
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Figure 3 .26 SANS scattering intensity, I (Q), plotted versus the scattering
vector Q for. 8-8 26C1Bz in D2O with added salt. Cm=300mM
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Figure 3 .27 SANS scattering intensity, I(Q), plotted versus the scattering
vector Q for 8-8 Cl in D 2 0 with added salt. Cm=300mM
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We expected to see specific counterion effects on charge density and chain
conformation in these systems. In 2000, Nishio and Minakata[ 108] reported that the
tendency of the counterion condensation (counterion binding) increases with increasing
valence of the counterion and the charge density of the polyion by using the Monte-Carlo
simulations. In chapter I, a few examples on the increase of counterion binding moving
the Qm to lower Q have been discussed. [16, 3 7]
A series of experiments have also been done by Magid and coworkers on
cethyltrimethylammonium (CTA) micellar systems to get information on the counterion
(salt) concentration needed to screen the intermicellar interactions. [ 1 0 5]

They found

that, for lower charge density micellar systems (CTA26C1Bz), less salt is required to
screen the intermicellar interaction compared with higher charge density micellar systems
(CTACl).
The exact value of Cs at which the peak disappears is higher than 7 5 mM and
lower than 300 mM for 3-3, 6-6 and 8-8 polyionenes with

er and 26C1Bz- counterions.

From Figures 3.22-3.27, the Cs at which the Qms of the 3-3 polyionene disappear for both

er and 26

CIBz- polyionene solutions is 75 mM. The best estimated values for 6-6

polyionene solutions are 1 50 mM for both

er

and 26 CIBz-, and 200 mM for both

counterions in the 8-8 case. In chapter I, we discussed that, if the added salt satisfies the
condition 2Cs � Cm, the behavior of polyionene chains is close to the uncharged
macromolecules. We observed that, for the 6-6 and 8-8 polyionenes, the peak disappears
around the condition 2Cs � Cm, and for the 3-3 polyionene the peak disappears before the
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condition 2Cs = Cm is reached. The reason why the peaks disappeared at lower Cs for the
3-3 polyionenes is not clear.
Our experimental results indicate a faster screening of the electrostatic repulsions
for larger charge density polyionenes and a similar screening for 26C1Bz- compared with

er

counterion. The faster screening at higher charge density polyionene systems is

opposite to the CTA micellar systems, and this might come from the reason that the
charge density of the micellar systems depended on the counterion binding and the
charge density of the polyionene is determined by the polyionene structures and the
counterion condensation theory, with 1.0, 0. 81 and 0.63 for 3-3, 6-6, and 8-8
polyionenes, respectively. In addition, since we studied a limited number of Cs values, it ·
is difficult to get the exact value of the Cs where Om disappears.
After Om disappears, the scattered intensities continue to increase at low O- This
indicates that the form factor, P(O) (or S 1 (0) in Eqn. 1.33), the single chain form factor,
changes and also that the structure factor, S(O) (or S2(0) in Eqn. 1.33), may continue to
change as the ionic strength increases above 150 mM.
Since all of the solutions investigated are dilute, an attempt was first made to fit
the scattering curves at high Cs without taking inter-chain interactions into account. At
high Cs, the chains should be flexible enough to be modeled as Debye coils. The fitting
was done for all the scattering curves with added salt by assuming that S2(0) equals zero
in equation 1.33 or by assuming S(O) equals one in equation 1.3 1 . Figures 3.28-3.33
show the fits using P(O) for the Debye coil, which gives I(O) as,
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Figure 3 .28 SANS scattering intensity, I(Q), plotted versus the scattering
vector Q for 3-3 26C1Bz· in D2 O with added salt. Cm=300mM. The solid
lines are the result of Debye function fits to the data
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Figure 3 .29 SANS scattering intensity, I(Q), plotted versus the scattering
vector Q for 3-3 Cl in D20 with added salt. Cm=300mM. The solid lines are
the result of Debye function fits to the data
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Figure 3 .30 SANS scattering intensity, I (Q), plotted versus the scattering
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Figure 3.3 1 SANS scattering intensity, I (Q), plotted versus the scattering
vector Q for 6-6 Cl in D2 0 with added salt. Cm=300mM. The solid lines are
the result of De bye function fits to the data
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Figure 3 .32 SANS scattering intensity, I(Q), plotted versus the scattering
vector Q for 8-8 26C1Bz in D 2O with added salt. C m 300mM. The solid
lines are the result of Debye function fits to the data
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Figure 3 .33 SANS scattering intensity, I (Q), plotted versus the scattering
vector Q for 8-8 Cl in D2 0 with added salt. Cm=300mM. The solid lines are
the result of Debye function fits to the data
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I(Q) = A +

where x

(:,)(e-• - l + x)

(3 . 1 )

= Q2R/, A is the background scattering from solvent, and B i s an intensity

scaling factor. The results of the weighted nonlinear least squares fitting are tabulated in
Tables 3 .20-3 .25.

Unexpectedly, the values of R8 increase with increasing salt

concentration for the following polyionene/counterion pairs: for 3-3
at Cs from 30 mM to 300 mM, the R8s increase from 1 05 to 257
respectively; for 6-6
from 27 to 26 1

er, and 8-8 er at Cs from 30 mM to

er, and 3-3 26C1Bz

A and from 93 to 22 1 A,

1 5 00 mM, the R8s increase

A and from 48 to 25 1 A respectively. The values of R8 for 6-6 26C1Bz

and 8-8 26C1Bz- first increase with Cs from 30 mM to 600 mM, from 69 to 244
from 74 to 245

A and

A respectively, and then decrease as the Cs increases from 600 mM to

1 500 mM, from 244 to 225 and 245 to 1 62 A respectively.
An R8 increasing as C s increases is not what we expected for polyionene systems.
As discussed in chapter I, decreases in intra-chain electrostatic interactions should
decrease the persistence length of the polyionenes, making the polyionenes more flexible,
and thus decreasing the R8• This indicates that for the Cs ranges studied in 3-3
26C1Bz·, 6-6

er, and 8-8 er

er, 3-3

systems, either the inter-chain interactions are not totally

screened even at high Cs or the addition of salt really does stiffen the chains. If the
former is true then fitting the total scattered intensity without taking inter-chain
interactions into account and only using the form factor cannot give us the true R8 values.
Also, at low added salt, the R8 values are unreasonable small, e.g. 27

A for 6-6 er in

30mM salt solutions, and this also indicates that neglecting interchain interactions is not
reasonable at lower C s ,
1 16

Table 3 .20 Values of radius of gyration for 3-3 26C1Bz extracted from
Debye function fits to SANS data as seen in Figure 3 .28
Cm=300mM.

C/mM

Rglnm

75

9.25±0.56

1 50

1 4.83±0. 1 4

300

22. 1 0±0. 1 3

1 17

Table 3 .2 1 Values of radius of gyration for 3-3 Cl extracted from
Debye function fits to SANS data as seen in Figure 3 .29
Cm=300mM.

C/mM

Rglnm

75

1 0.54±0.36

1 50

1 8.25±0. 1 4

300

25 .73±0. 1 6

1 18

Table 3 .22 Values of radius of gyration for 6-6 26C1Bz extracted from
Debye function fits to SANS data as seen in Figure 3 .30
Cm=300mM.

C/mM

Rglnm

30

6.95±0.08

75

1 0.42±0.27

1 50

1 5 .73±0. 1 8

300

2 1 .34±0. 1 7

600

24.4 1±0.22

1 000

22.5 8±0.46

1 500

22.49±0.0 1

1 19

Table 3 .23 Values of radius of gyration for 6-6 Cl extracted from
Debye function fits to SANS data as seen in Figure 3 .3 1
Cm=300mM.

CsfmM

Rglnm

30

2.74±4.32

75

7.3 8±0.59

1 50

1 2.68±0.22

300

1 9 .00±0. 1 3

600

23 .38±0. 1 7

1 000

26.77±.0.27

1 500

26.09±0.29

1 20

Table 3 .24 Values of radius of gyration for 8-8 26C1Bz extracted from
Debye function fits to SANS data as seen in Fig�re 3.32
Cm=300mM.

C/mM

Rglnm

30

7.43±0.65

75

1 1.68±0.4 1

1 50

1 7.53±0.26

300

22.38±0.23

600

24.47±0.2 1

1 000

1 6.22±0.26
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Table 3 .25 Values of radius of gyration for 8-8 Cl extracted from
Debye function fits to SANS data as seen in Figure 3 .33
Cm=300mM.

C/mM

Rg/nm

30

4.88±2.50

75

6.87±0.52

1 50

1 1 .77±0.20

300

1 6.77±0. 1 7

600

2 1 .9 1±0.20

1 000

25 . 1 3±0.60
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Reasonable decreases in R8 were observed for the salt concentration increasing
from 600 mM to 1500 mM for both the 6-6 26C1Bz· and 8-8 26C1Bz· systems. This can
be explained as that the inter-chain interaction is totally (or nearly totally) screened when
the concentration of 26C1Bz· reaches 600 mM for 6-6 and 8-8 polyionenes. Compared to
the 6-6 and 8-8 polyionenes with

er counterions, the inter-chain interaction cannot be

omitted to fit the scattering curves to get a reasonable R8 decrease by using only the form
factor even when the salt concentration is 1500 mM. There is only one report of R8
increasing as Cs increases. [109] Zero average contrast variation could also be used here
to separate the single chain form factor, in order to get direct information on the size and
flexibilities of the single polymer coil.
Further attempts were also made on trying to fit the scattering curves with Eqn. 1.
36, which takes inter-chain interaction into account via the random phase approximation
(RP A), discussed.in chapter I. In order to perform the fits, some estimates are needed.
As discussed in Chapter I, Eqn. 1.10, the total persistence length, lp, is the sum of
an intrinsic and an electrostatic length, /� and 1;1 , respectively. Several groups have
measured persistence lengths for polyelectrolytes. These can be used as guides for
estimating lp for our polyionenes at different salt concentrations. Tricot [27] and Odijk
[28] obtained /� values of 10-20 A for sodium · polyacrylate and other vinyl
polyelectrolyte systems. Yamazaki et al. [79] used SAXS to measure the /� for 4-4 and
6-6 polyionenes in methanol, obtaining a similar /� , 14

A,

for both polyionenes. We

consider this value reasonable for 3-3 and 8-8 polyionenes as well, because the intrinsic
1 23

persistence length is only related to the chain itself, independent of solvent properties and
salt concentrations. Experimental and theoretical studies on scaling law behavior of
polyelectrolytes' electrostatic persistence lengths, 1/ --Cs-<i> have also been discussed in
Chapter I. Spiteri and coworkers [50] have used SANS to measure the persistence length
05
· .

for PS SNa polyelectrolytes and found the relationship of 1/ = K (Cm + Csr

Their

PSSNa has a Mw of 150,000, which is similar to that of our polyionenes. At a similar Cm
of 340 mM and Cs values at 0 M and 1.5 M, they obtain 1/ values of 36 and 12

A

respectively. This means that the value of K is 21. The lp for our polyionene systems
were calculated using 1/ = 14

A and the equation from Spiteri for 1/. The results are

tabulated in Table 3.26.
The estimated lp values obtained for our polyionene systems are thus between 26 to
52 A. Compared with contour lengths, L, in Table 3.1, L >> lp is always s �tisfied. As
discussed in Chapter I, Eqn. 1. 7, this means that the polyionenes are highly flexible and
the assumption of a Debye coil form factor is valid.
Based on these estimates, a series of calculations were performed using Eqns 1.9
(wormlike) and 1.10 (coil) to get predicted Rg values. A value of U = 1 was used, since
Mw/M0 = 2 for step-growth polymerizations. The results are tabulated in Table 3.27. The
small differences between the results of calculated Rg based on coil and wormlike chain
further support that using Debye coil form factor is reasonable.
The fits using RPA are then performed by fixing the Rg and varying the v by using
the following equation derived from Eqn. 3.1 and 1.36:

1 24

Table 3 .26 Estimated persistence lengths

1 500

1 000

600

300

1 50

75

30

0

Cm+CJm

1 8 10

1310

9 10

610

460

3 85

340

3 10

lpe'IA

12

14

17

22

27

31

35

38

IJA

26

28

31

36

41

45

49

52

CJmM
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Table 3 .27 Estimated radius of gyration for different polyionene systems

3 - 3 po 1lylOnene:
.
Ln= 865 A
1 500 1 000
C/mM

600

300

1 50

75

30

0

Rg!A

1 06

1 10

1 15

1 25

133

1 39

145

1 50

Rg/A

1 03

1 07

1 12

1 20

1 27

1 33

138

142

Ln= 1 908 A
6 - 6 po1.y1onene:
.
1 500 1 000
C/mM

600

300

1 50

75

30

0

(Coil)
(Wormlike)

Rg/A

1 57

1 63

171

1 85

1 98

206

216

222

RgfA

1 55

161

1 69

1 82

1 94

202

21 1

217

600

300

1 50

75

30

0

(Coil)
(Wormlike)

Ln=630 A
8 - 8 po 1ly1onene:
.
1 500 1 000
C/mM
RgfA

90

94

99

1 06

1 13

1 19

1 24

1 27

RgfA

87

90

94

101

1 07

1 12

1 16

1 19

(Coil)
(Wormlike)
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(3.2)

The results are tabulated in Table 3.28.
From the results we observe that v decreases as Cs increases for both salts. Using
v in Eqn. 3.3, we can estimate the S(Q) change as the Cs increases:
S( Q) =

1

(3 .3)

( e -x - l + X)
1t V
2
X

A negative v from the fitting means that S(Q) in Eqn. 3.3 is greater than 1, and this
suggests that there are attractive interactions between the chains.
Value of v from the fits can be compared to expected values, the

Veal

obtained

using Eqn. 1.37-1.39 and listed in Table 3 .29. Estimated S(O,cr 1 and X are also listed in
Table 3.29. These calculations used the estimated Rgs of Table 3.27. We observe that
the fitted results are not close to the calculated results. The possible reasons for this large
difference may come from the role of domains with a big Rg, which will influence the
scattering at low Q, and thus give us bad fitting results of v.

C.

CONCLUSIONS

We have performed small-angle neutron scattering measurements on polyionene
systems with different charge densities and with different counterions with and without
1 27

Table 3 .28 Results of random phase approximation
.
3 - 3 po 1y1onene: L = 865 A
300
1 50
30
75

C/mM
Rg/A
(Coil)
V Cl

1 25

1 33

1 39

1 45

- 1 .61

- 1 .02

1 . 80

5 .66

26

- 1 .45

-0.42

3 .23

7.63

V

C/mM

1 500

6 - 6 po 1.y1onene:
.
L = 1 908 A
600
1 000
300
1 50

Rg!A
(Coil)
V Cl

157

1 63

171

1 85

- 1 .34

- 1 .3 1

-0.76

26

- 1 .03

- 1 .02

-1.1 1

V

75

30

1 98

206

2 16

. 0.07

3.81

1 6.97

35 .40

-0.53

1 .38

9.02

2 1 .82

.
8 - 8 po 1ly1onene: Ln-630 A
600
300
1 50
75

30

C/mM

1 000

Rg/A
(Coil)
V Cl

94

99

1 06

1 13

1 19

1 24

- 1 .79

- 1 .65

- 1 .37

-0.44

4.54

9.47

26

- 1 .42

- 1 .7 1

- 1 .59

- 1 .20

0.23

6.22

V
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Table 3 .29 v from calculation using Eqn. 1 .3 7- 1 .3 9

3 - 3 po 1i,v10nene:
.
Ln- 865 A
300
75
1 50
30

C/mM
Rg!A
(Co il)
X

1 25

1 33

1 39

1 45

0.62

0.74

0.85

0.97

S(0,cy1

2.81

2.85

2.86

2.87

Veal

1 .8 1

1 .85

1 .86

1 .87

C/mM

1 500

6 - 6 po 1ly10nene:
.
Ln- 1 908 A
1 000
600
300
1 50

Rg!A
(Coil)

1 57

1 63

171

1 85

1 98

206

216

0.98

1 . 10

1 .27

1 .6 1

1 .97

2.23

2.52

S(0,cy1

2.88

3 .03

3 .24

3 .74

4.3 1

4.72

5 .24

Veal

1 .88

2.03

2.24

2.74

3 .3 1

3 .72

4.24

8 - 8 po Iy10nene:
.
Ln-630 A
600
300
1 50
75

75

30

30

C/mM

1 000

R/A

(Coil)
X

94

99

1 06

1 13

1 19

1 24

0.82

0.96

1 . 17

1 .42

1 .66

1 .89

S(0,cy1

2.86

2.87

3.1 1

3 .53

3.81

4.3 1

Veal

1 .86

1 .87

2. 1 1

2.53

2.8 1

3 .3 1

1 29

added salt. As with other polyelectrolytes, a single, broad peak is observed in the
scattering curves; and the peak disappears as the salt concentration increases. The Oms
are shifted to larger O with increasing polyionene concentration and toward lower O with
increasing salt concentration. The scaling law Om oc Cm 113 is observed for the polyionene
systems as the polyionene concentration increases. Br· counterions provide smaller Om
values compared with er and 26emz· in all three polyionenes studied, and 26emz·
counterions provides lower Om values at low charge density polyionenes (8-8
polyionenes) than er but this was not true for 3-3 polyionenes. The counterion effect on
the Imaxllmin values is consistent with the Om observed in most cases except the 3-3
polyionenes, and the opposite results from O m and Imaxllmin was observed for 3-3
polyionenes. At a given Cm, the Imaxllmin values always increase as the · polyionenes
charge density increase from 8-8, 6-6 to 3-3 polyionenes for all three counterions with no
added salt.
The steric difference between micellar headgroup quatemized nitrogen and
polyionene quatemized nitrogen may change the counterion binding around the
polyionenes, and thus we did not observe the same trends as micellar systems in some
cases.
As salt is added, we observed a faster screening of the interchain electrostatic
interactions as the polyionenes charge density increases. This is opposite to the micellar
systems and also opposite to the results we observed with no salt added. We also
observed a similar screening by er and 26C1Bz· counterions, and this cannot be
explained by analogy to the micellar systems.
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These phenomena indicate that the

counterion effects on the polyionene systems are more complicated than we expected,
and using only counterion condensation or counterion binding efficiency cannot
rationalize the experimental results.
We concluded that using only the form factor to fit the scattering curves, when
sufficient salt is present for Qm to be absent, is unsuccessful. We observed an increase of
Rg as Cs increased, and this is physically unreasonable. By using RPA to include the
interchain interaction, better fits were produced and smaller interchain interaction were
observed as the salt concentration increase by using estimated Rg, but the values of v
obtained are not reasonable. A larger domain in polyelectrolyte solutions has been
reported, [ 109] whose Rg 's can affect the scattering curves at low Q region , and thus the
fits can be affected.
Ise's theory on a possible attraction between like-charged polyions through the
mediation of counterions is reasonable to explain some experimental results, such as the
observed db 's that are smaller than expected based on polyionene concentrations. A
negative v derived from the RPA approximation using estimated Rg 's indicates that
attractions between the like-charged polyions are possible.
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